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Abstract
We investigate viable scenarios with various axions in the context of super-
symmetric field theory and in globally consistent D-brane models. The Peccei-
Quinn symmetry is associated with an anomalous U(1) symmetry, which ac-
quires mass at the string scale but remains as a perturbative global symmetry
at low energies. The origin of the scalar Higgs-axion potential from F-, D- and
soft breaking terms is derived, and two Standard Model examples of global in-
tersecting D6-brane models in Type II orientifolds are presented, which differ
in the realisation of the Higgs sector and in the hidden sector, the latter of
which is of particluar importance for the soft supersymmetry breaking terms.
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1 Introduction
The nature of dark matter and dark energy remains one of the biggest puzzles of modern
physics. Collider searches as well as direct and indirect detection experiments rule out
more and more scenarios Beyond the Standard Model. Most of these searches rely on the
requirement that new particles have sizable cross-sections involving Standard Model gauge
interactions. String theory on the other hand contains a variety of particles without such
gauge interactions, including in particular the neutral axionic pseudo-scalars in the closed
string sector that complexify the string coupling and compactification moduli. On the
other hand, axions carrying some charge under a global U(1)PQ symmetry were proposed
in 1977 to solve the strong CP-problem [1–4], and experimental searches for axions have
been intensified recently, see e.g. [5–9]. Over the past decades, a combination of astro-
physical observations, laboratory experiments and cosmological considerations, shrunk the
parameter space for the axion decay constant fα to the region 10
9 GeV < fα < 10
12 GeV,
the so-called ‘axion window’. The lower bound of the axion window is set by the stellar
evolution of red giants, white dwarfs and hot neutron stars. And the higher bound follows
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from cosmological considerations, when the axion is treated as a dark matter candidate.
Current and future experiments are designed to probe (parts of) the axion window, see
e.g. [10] for an up-to-date overview.
While global continuous symmetries have been argued to be inconsistent with gravity [11–
16], string theory generically contains Abelian U(1)massive gauge symmetries whose anoma-
lies are cancelled by the generalised Green-Schwarz mechanism, which also produces string
scale mass terms for the U(1)massive’s. Within the context of Type II superstring theories,
such massive gauge symmetries and associated charged states arise in the open string sec-
tor, see e.g. [17, 18] for reviews. U(1)massive remains as a perturbative global symmetry at
low energies, which is broken by non-perturbative effects such as D-brane instantons [19].
The Green-Schwarz mechanism associates a closed string axion with the longitudinal mode
of an open string vector. It is thus natural to combine axions from the closed and open
string sector such that one axion solves the strong CP problem, while others account for
the dark sector of the universe, see e.g. [20, 21]. In contrast to compactifications of the
heterotic string, within Type II string theory different energy scales can easily be decoupled
due to the affiliation of gravity to the closed string sector and gauge symmetries to the
open string sector.
There exist various supersymmetric or string inspired versions of field theoretic axion
models in the literature, see e.g. [22–26] and references therein, and axions have been
discussed before in the context of the heterotic string, see e.g. [27]. Within the Type
IIB string theory context, previous work in the LARGE volume scenario concentrated on
closed string axions, see e.g. [28–35], and the idea of open string axions in intersecting
D-brane inspired scenarios has been put foward recently in [36], while to our knowledge
little is known about the combined effect of closed and open string axions in the context
of globally consistent D-brane configurations with the (supersymmetric) Standard Model
or GUT spectrum.
This article aims at closing this apparent gap by first discussing the appearance of various
types of axion within field theory and Type II string theory. We then proceed to investigate
two globally consistent D6-brane models with Standard Model spectrum in detail in view
of their Higgs-axion potentials and possibilities of supersymmetry breaking. The D-brane
set-up and massless spectrum of the first model on T 6/Z6 has been constructed in [37–39]
and contains a ‘hidden’ USp(2) gauge factor, while the set-up and spectrum of the second
model on T 6/Z′6 with hidden USp(6) gauge group have been presented in [40, 39] with a
discussion on superpotential couplings in [41, 42]. Throughout the present work, particular
attention will be paid to the occurrence of different energy scales such as the Peccei-Quinn,
electroweak and supersymmetry breaking scales in dependence of their prevailing origin
from the closed or open string sector.
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This article is organised as follows: in section 2 we briefly review field theoretical axion
models and provide a Type II string theory motivated extension to their supersymmetric
version. The origin of couplings within global supersymmetry including soft supersymme-
try breaking terms is discussed. Section 3 contains a discussion of the various types of
closed and open string axions in Type IIA string theory and associated massive Abelian
gauge symmetries. The concept is illustrated by two examples of Type IIA orientifold
compactifications on T 6/Z6 and T 6/Z′6 with supersymmetric Standard Model spectrum,
and the possibility to break supersymmetry by a hidden sector gaugino condensate is ad-
dressed. Section 4 contains our conclusions. Technical details on the four-dimensional field
theory are collected in appendices A and B, and appendix C contains the full light matter
spectrum of the two examples.
2 Axions in Field Theory
In this section, we first briefly review the well-known DFSZ axion model and then pro-
ceed to discuss a supersymmetric D-brane inspired extension as well as the origin of soft
supersymmetry breaking terms in the scalar Higgs-axion potential.
2.1 The DFSZ model
In 1977, Peccei and Quinn proposed the existence of a spontaneously broken global U(1)PQ
symmetry to solve the strong CP-problem [1, 2]. The associated pseudo Nambu-Goldstone
boson in the original model consists of an axion that arises from two Higgs doublets [1–4].
In this original PQWW axion model, the breaking scales of the electro-weak and global
U(1)PQ symmetry coincide, and consequently non-negligible contributions of axions to
hadronic decay products involving heavy quarks in the initial state are expected. Due to
non-observation of such effects, the most simple PQWW axion model is ruled out to date,
see e.g. [43–45] and references therein.
The breaking scale of the global U(1)PQ symmetry can be decoupled from the electroweak
scale by introducing an additional scalar field, which is only charged under U(1)PQ, but
neutral under the Standard Model group SU(3)×SU(2)L×U(1)Y . One distinctive model
by Kim, Schifman, Vainshtein and Zakharov (KSVZ) uses a vector-like heavy quark pair
to which this neutral scalar couples [46, 47]. In contrast to the original PQWW model,
the KSVZ model contains only one Higgs doublet, and therefore we do not expect any
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immediately obvious generalisation to supersymmetric field theory as low-energy limit of
some Type II string theory compactification.
Another prominent axion model by Dine, Fischler, Sredenicki and Zhitnitsky (DFSZ) con-
tains two Higgs doublets as well as a Standard Model-singlet complex scalar field [48, 49].
Since this model can be generalised to supersymmetric field theory in a natural way, we
give here a brief review of the distinctive features such as the scalar potential, axion decay
constant and axion mass. The two Higgs doublets (Hu, Hd) schematically couple to quarks
and leptons via
LYukawa = fuQL ·Hu uR + fdQL ·Hd dR + fe L ·Hd eR + fν L ·Hu νR, (1)
and the coupling to the complex scalar SU(2)L × U(1)Y singlet field σ˜ is contained in the
scalar Higgs-axion potential,
VDFSZ(Hu, Hd, σ˜) = λu(H
†
uHu −
v2u
2
)2 + λd(H
†
dHd −
v2d
2
)2 + λσ˜(σ˜
†σ˜ − v
2
σ˜
2
)2
+(aH†uHu + bH
†
dHd) σ˜
†σ˜ + (cHu ·Hd σ˜2 + h.c.) (2)
+d |Hu ·Hd|2 + e |H†uHd|2,
where the abbreviation Hu · Hd = H iuijHjd = h+u h−d − h0uh0d has been used as well as the
standard decomposition of the Higgs doublets into charged and uncharged components and
vevs,
Hu =
 h+u
h0u
 , Hd =
 h0d
h−d
 , 〈h0u〉 = vu√
2
, 〈h0d〉 =
vd√
2
. (3)
λu, λd, λσ˜, a . . . e in equation (2) denote all possible four-point couplings. Due to the term
(cHu ·Hd σ˜2 + h.c.), also the Higgs doublets have to be charged under the global U(1)PQ
symmetry if the scalar SU(2)L × U(1)Y singlet σ˜ transforms non-trivially,
σ˜ → ei qσ˜ασ˜, Hu → ei quαHu, Hd → ei qdαHd with qu + qd = −2qσ˜. (4)
From the Yukawa couplings (1), one can then also read off relations among the transfor-
mations of the quarks and leptons and Higgs bosons under U(1)PQ,
QL → ei qQαQL, uR → ei q˜uαuR, dR → ei q˜dαdR
L→ ei qLαL, eR → ei qeαeR, νR → ei qνανR
 with
 qQ + q˜u = L+ qν = −quqQ + q˜d = L+ qe = −qd . (5)
There are two inequivalent consistent choices of charge assignments with either left-handed
quarks QL uncharged and right-handed quarks (uR, dR) charged or vice versa. The discus-
sion for leptons is completely analogous. In both cases, the (up to overall sign flip) unique
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choice is qu = qd = 1 for the U(1)PQ charge of the Higgses. Since in stringy D-brane models
such as the examples below in section 3, an anomalous and massive U(1) ⊂ U(2)L gauge
symmetry constitutes a natural candidate for U(1)PQ, we summarise the associated second
choice of charge assignments with neutral right-handed particles in table 1.
Charge assignments qparticle under U(1)PQ
Matter QL uR dR L eR νR Hu Hd σ˜ Σ
U(1)PQ −1 0 0 −1 0 0 1 1 −1 −2
Table 1: Standard Model particles and axion field U(1)PQ charge assignment for the choice of
uncharged right-handed particles. σ˜ refers to the axion in the original DFSZ model of equation (2),
Σ to the axion superfield in the supersymmetric D-brane inspired DFSZ model of section 2.2.
The coupling constants in equation (2) are constrained by measurements as follows:
• The experimentally observed value of the ρ ≡ M2W
M2Z cos
2 θW
parameter is close to one. In
the Standard Model, this is true at tree-level, whereas in D-brane inspired models, at
tree-level ρ can deviate from one, see e.g. [50], in which case the scale at which new
physics appears is firmly constrained, unless higher order or non-perturbative effects
become important.
• The axion remains invisible at low energies if U(1)PQ is broken at a much higher
scale than the electro-weak symmetry, implying a hierarchy of vevs,
〈σ˜〉 ≡ vσ˜ 
√
v2u + v
2
d. (6)
The physical axion α is generically a mixture of the argument of the complex scalar σ˜
and the neutral CP-odd Higgs bosons. However, imposing the hierarchy (6) results in the
physical axion stemming primarily from the singlet σ˜. The axion mass is determined using
Bardeen-Tye methods [51],
m2α =
f 2pi
f 2α
m2piN
2 mumd
(md +mu)2
∼
(
74 keV
250 GeV
fα
)2
, (7)
with N the number of quark doublets, mu,md,mpi the masses of up- and down-type quarks
and pions and fpi the pion decay constant. The coupling of the axion α to matter is
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determined by the axion decay constant fα, which also sets the strength of the axion
coupling to gluons,
Lα ⊃ 1
2
(∂µα) (∂
µα)− 1
32pi2
α(x)
fα
Tr(GµνG˜
µν). (8)
With respect to the PQWW axion model (for which the axion decay constant fα is equal
to
√
v2u + v
2
d), the axion-gluon coupling as well as the couplings to ordinary matter are
suppressed by a factor r =
√
v2u + v
2
d/fα, implying that the production of axions is reduced
by a factor r2. For this reason, the DFSZ axion has been dubbed an ‘invisible axion’.
2.2 Supersymmetrising the DFSZ model
Since the DFSZ axion model contains two Higgs doublets in conjugate representations,
it can easily be promoted to supersymmetric field theory. The axion and Higgs scalar
potential can then be decomposed into three different components,
VDFSZ = VF + VD + Vsoft. (9)
One sublety arises concerning the axion-Higgs coupling in the second line of equation (2).
On the one hand, any four-point coupling is non-renormalisable and thus suppressed by
the cut-off scale, which might be MPlanck in field theoretical models or Mstring in string
models. Such suppression has been related to the smallness of the µ-term e.g. in [52]. On
the other hand, a renormalisable three-point coupling can be engineered if the axion σ˜ is
replaced by a chiral superfield Σ containing the axionic scalar σ with twice the charge,
Σ→ ei qΣα Σ with qu + qd = −qΣ, (10)
such that VSUSY-DFSZ ⊃ Hu ·Hd σ. This choice is motivated by D-brane models as follows:
since in Type II string theory all charged particles arise from open strings, their gauge
representations are defined by their two end points to be of the type {(Na,Nb), (Adja)},
plus in the presence of O-planes {(Na,Nb), (Antia), (Syma)}, or some hermitian conjugate
thereof under U(Na)×U(Nb). In particular, the Higgs fields have one endpoint on a stack
of D-branes supporting either a U(2)L or USp(2)L gauge group, and the other endpoint
lies on a single D-brane with U(1)c gauge group
1, which contributes to the hypercharge
U(1)Y . Demanding that both the Higgs field and some SU(3) × SU(2)L × U(1)Y singlet
carry charge under an anomalous and massive gauge symmetry boils down to two options:
1 In many models, U(1)c arises from a spontanous breaking of a right-symmetric group USp(2)R or
SO(2)R.
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1. The Peccei-Quinn symmetry is identified with the anomalous and massive
U(1)b ⊂ U(2)b ' SU(2)L × U(1)b symmetry, and the Standard Model singlet with
U(1)b charge arises as the antisymmetric representation (Antib) of U(2)b or its con-
jugate. This non-Abelian singlet obeys the charge assignment of Σ in table 1 under
the standard decomposition of non-Abelian/Abelian representations (see e.g. [18])
U(N) ' SU(N)×U(1) ⇒
 (NU(N)) ' (NSU(N))1(AntiU(N)) ' (AntiSU(N))2 . (11)
This choice of U(1)PQ thus leads to a three-point coupling among SU(3)×SU(2)L×
U(1)Y × U(1)PQ charged states.
2. The U(1)PQ symmetry involves some massive linear combination of Abelian gauge
factors including U(1)c. This case can only occur if U(1)c cannot be continuously
connected to any right-symmetric group USp(2)R or SO(2)R since such a connection
enforces U(1)c to be a massless and anomaly-free gauge symmetry by itself. There
are again two different options:
(a) U(1)PQ contains the combination U(1)c − U(1)d, which is orthogonal to the
massless hypercharge defined below in equation (40). In this case, the axion can
be identified with the scalar superpartner ν˜R of the neutrino, and it again obeys
the charge assignment of Σ in equation (10).
(b) If U(1)PQ contains some combination of U(1)c with an additional U(1)e gauge
factor of a D-brane, that is not required to obtain the Standard Model chiral
spectrum, yet is a part of the definition for the hypercharge, the axion can arise
from strings stretched between D-branes c and e. In this case, the axion carries
charge ±1 in accordance with σ˜ in table 1.
In section 3.2, two supersymmetric sample DFSZ models are presented, which display
typical features in the context of intersecting D6-brane model building. In both cases, the
models are intrinsically left-right symmetric with a spontaneously broken right-symmetric
gauge group USp(2)c → U(1)c. Hence, in the remainder of the article we will focus on case
1 with U(1)b ' U(1)PQ and the roˆle of the singlet Σ fulfilled by a chiral supermultiplet in
the antisymmetric representation of U(2)b.
After choosing this configuration, the next step consists in mapping the various terms in
the DFSZ potential from equation (2) to a specific origin in supersymmetric field theory
based on the decomposition into F-terms, D-terms and soft supersymmetry breaking terms
as in equation (9):
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1. F-term potential: The terms of the form H†uHu|σ|2, H†dHd|σ|2 and |Hu ·Hd|2 all arise
from a single superpotential term of the form:
WDFSZ = µ Hu ·Hd Σ, (12)
where the various coupling constants are now unified, i.e. a = b = d = |µ|2, due
to supersymmetry. Note that this cubic coupling already requires the Higgses to be
charged under the Peccei-Quinn symmetry if the Standard Model singlet superfield
Σ with scalar component σ transforms non-trivially under U(1)PQ.
2. D-term potential: The quartic terms (H†uHu)
2, (H†dHd)
2 and |H†uHd|2 arise from the
Ka¨hler potential KSUSY, and more explicitly from the gauge-invariant coupling of the
chiral Higgs superfields to the vector superfields associated with the SU(2)L×U(1)Y
gauge symmetry, with takes the following, generic form in global supersymmetry:
KSUSY(Φ†e2gV Φ) = Φ†e2gV Φ, (13)
where Φ represents a generic chiral superfield and V a vector superfield. The U(1)b ⊂
U(2)b Peccei-Quinn symmetry originates from a massive gauge boson in string theory,
as explained below in detail in section 3.1.2. This implies that the Ka¨hler potential
KSUSY will also contain gauge-invariant couplings between the vector multiplet asso-
ciated to U(1)b and the matter multiplets charged under the symmetry. In this way,
also the quartic term |σ|4 will be generated in the D-term potential.
3. Soft supersymmetry breaking terms: The remaining terms have (in field theory) to
be added by hand as soft supersymmetry breaking terms that are invariant under
the Standard Model gauge group and the Peccei-Quinn symmetry, such as the mass
terms v2uH
†
uHu, v
2
dH
†
dHd and v
2
σ |σ|2. The cubic coupling Hu · Hd σ can be realised
through trilinear A-terms. The soft supersymmetry breaking terms can be written
in a manifestly supersymmetric way through the introduction of a spurion superfield
η. The trilinear A-term can then be captured by the superpotential:
Wsoft = η cHu ·Hd Σ. (14)
The soft supersymmetry breaking mass terms on the other hand can be generated
through a Ka¨hler potential of the following form:
Ksoft = ηη m
2
Φ Φ
†e2gV Φ. (15)
In section 2.3 we briefly discuss how these soft supersymmetry breaking terms can
arise through gravity mediation of spontaneous supersymmetry breaking in a hidden
sector.
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2.3 Gravity mediation and gaugino condensation
For realistic globally supersymmetric models, soft supersymmetry breaking terms form a
hands-on way to break supersymmetry without spoiling its abilities to solve the hierarchy
problem and the related naturalness problem concerning the Higgs mass in the Standard
Model. One way to generate these soft supersymmetry breaking terms is by coupling
the supersymmetric field theory to gravity and allowing gravity to mediate spontaneous
supersymmetry breaking in a hidden sector to the visible sector. For a Type II orien-
tifold compactification, the low energy effective field theory of the massless string modes
reduces to an N = 1 supergravity theory, so that gravity mediated supersymmetry break-
ing appears as a natural way to generate the soft supersymmetry breaking terms for the
supersymmetrized DFSZ model.
Coupling the supersymmetrised DFSZ model to gravity leads to an N = 1 supergravity
theory with chiral multiplets and vector multiplets, whose bosonic sector is characterised
by the following generic action, cf. e.g. [17, 53]:
S = −1
2
∫ [
M2PlanckR
(4) ∗ 1 + 2KMN dXM ∧ ∗dXN +
1
2
(Ref)abFa ∧ ∗F b
− i
2
(Imf)abFa ∧ F b + 2 (VF + VD) ∗ 1
]
, (16)
where XM denote the bosonic components of the chiral multiplets, Fa the field strength
associated to a gauge group Ga and fab the holomorphic gauge kinetic function. The F-
term scalar potential VF can be expressed in terms of the supergravity Ka¨hler potential
KSUGRA ≡ K and its derivatives, the Ka¨hler metrics KMN , and the superpotential W :
VF = e
K/M2Planck
(
KMNDMW DNW − 3M−2Planck|W|2
)
, DMW ≡ ∂MW+M−2Planck(∂MK)W ,
(17)
while the D-term scalar potential VD is given by:
VD =
1
2
(Ref−1)ab DaDb, (18)
where Da represent the auxiliary fields in the vector multiplets. An explicit expression for
Da is not given here, as they will play no roˆle in the following.
From a low energy perspective, the massless chiral multiplets can be split up into a set
of observable chiral matter (Cα) charged under the Standard Model group and a set of
hidden matter (Hm). This decomposition allows for an expansion of the Ka¨hler potential
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and superpotential about the stabilised vacua for the hidden matter fields:
K(Cα, C†α,Hm,H†m) = K(0)(Hm,H†m) + K˜αβ(Hm,H†m) CαC†β
+
[
1
2
Zαβ(Hm,H†m) CαCβ + h.c.
]
+ . . . ,
W(Cα,Hm) = W0(hm) + 12µαβ(Hm)CαCβ + 16YαβγCαCβCγ + . . . .
(19)
By inserting these expansions into the F-term scalar potential of equation (17) and re-
placing the hidden scalars by their vacuum expectation values, one obtains an effective
field theory for the visible sector, which in the flat limit (i.e. MPlanck → ∞ while keep-
ing the gravitino mass m3/2 fixed) reduces to a globally supersymmetric theory with soft
supersymmetry-breaking terms [54, 55] of the following form for the scalar fields:
Vsoft = m
2
αβ
CαC†β +
[
1
6
AαβγC
αCβCγ +
1
2
BαβC
αCβ + h.c
]
, (20)
with soft supersymmetry-breaking parameters given by:
m2
αβ
= (m23/2 + V0)K˜αβ − F
m
(
∂m∂nK˜αβ − ∂mK˜αγK˜γδ∂nK˜δβ
)
F n
Aαβγ =
W0
|W0|e
K(0)/2M2PlanckFm
[
∂mK(0) Yαβγ + ∂mYαβγ −
(
K˜δρ∂mK˜ραYδβγ + (α↔ β) + (α↔ γ)
)]
Bαβ =
W0
|W0|e
K(0)/2M2Planck
{
Fm
[
∂mK(0) µαβ + ∂mµαβ −
(
K˜δρ∂mK˜ραµδβ + (α↔ β)
)]
−m3/2µαβ
}
+(2m23/2 + V0)Zαβ −m3/2F
m
∂mZαβ
+m3/2F
m
[
∂mZαβ −
(
K˜δρ∂mK˜ραZδβ + (α↔ β)
)]
−FmF n
[
∂m∂nZαβ −
(
K˜δρ∂nK˜ρα∂mZδβ + (α↔ β)
)]
,
(21)
with the tree-level cosmological constant V0 and the gravitino mass m3/2:
V0 = M
−2
PlanckF
mK(0)mnF n − 3m23/2, m23/2 = eK
(0)/M2Planck|W0|2M−4Planck, (22)
and the auxiliary field Fm associated to the hidden field Hm given by:
Fm = eK
(0)/2M2PlanckK(0)mn (∂nW0 +M−2Planck∂nK(0)W0) . (23)
When one of the hidden chiral matter fieldsHm acquires a non-vanishing F -term (〈Fm〉 6= 0),
not only supersymmetry will be spontaneously broken, but also the soft supersymmetry
breaking terms for the visible sector are expected to emerge by virtue of the gravitational
coupling between the hidden and visible sector.
These considerations shift the spotlight to the mechanism by which the hidden chiral matter
is stabilised and its auxiliary field simultaneously obtains a non-zero vev. If the hidden
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sector contains a strongly coupled gauge sector, condensing gaugini [56, 57] are expected to
induce a non-perturbative superpotential for (some of) the hidden chiral matter, such that
the latter are stabilised and no longer correspond to flat directions in the scalar potential.
More explicity, assume that the model contains a hidden chiral superfield H that couples to
the supergauge-invariant field strength Wα of the strongly coupled gauge symmetry Ghidden
through the superpotential term:
W0(h) ⊃ f(h)WαWα. (24)
The auxiliary field (23) of H should then be generalised to:
FH = eK
(0)/2M2PlanckK(0)Hm (∂mW0 +M−2Planck∂mK(0)W0)+ 14K(0)HH∂Hf λλ, (25)
where f represents the gauge kinetic function and λ the gaugino of the strongly coupled
gauge theory. At a mass scale Λc, the gauge symmetry becomes strongly coupled, and
the gaugini condense with the characteristic scale 〈λλ〉 = Λ3c . The auxiliary field FH then
acquires a non-zero vev that sets the supersymmetry breaking scale M2SUSY = 〈FH〉 ∼
Λ3c/MPlanck. The gravitino will absorb the Weyl-fermion of the superfield h through the
super-Higgs effect and acquire a mass of the order m3/2 ∼ Λ3c/M2Planck.
In type II superstring compactifications, the roˆle of the hidden matter is played both by
truly hidden gauge sectors as well as by the complex structure and Ka¨hler moduli of the
internal Calabi-Yau orientifold. In type IIA compactifications gaugino condensation will
generate a non-perturbative superpotential for the complex structure moduli, provided
that the hidden sector comes with a strongly coupled gauge symmetry as in the examples
below in section 3.2.6.
3 Axions in Type IIA String Theory
3.1 Massive gauge symmetries and open and closed string axions
In Type II superstring theory, axions and axion-like particles as well as Abelian gauge
bosons can arise from various sectors. We first briefly discuss axions arising in the closed
string sector in section 3.1.1 and then focus on axions from the open string sector and
massive Abelian gauge symmetries in section 3.1.2.
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3.1.1 Closed string axions
The most explored scenarios focus on closed string axions emerging from the Kaluza-Klein
reduction of massless p-forms appearing in the closed string spectrum such as the NS-NS
2-form and the RR-forms, see e.g. [58] for an overview. The shift symmetry of these CP-
odd real scalars is a remnant of the gauge invariance of the p-forms, while the axion decay
constant is set by the non-canonical prefactor in the kinetic term of the axion appearing in
the low energy effective action upon dimensional reduction. For D-brane models in Type II
superstring theory, the linear coupling of the axion to the topological QCD charge density
Tr(GµνG˜
µν) follows from the dimensional reduction of the D-brane Chern-Simons action,
and more explicitly from the term (see e.g. [18, 17]):
SCSD3+q ⊃
M qstring
4pi
∫
R1,3×Πq
Cq ∧ Tr(F ∧ F ), (26)
with Πq the q-cycle wrapped by the D(q + 3)-brane along the internal directions and Cq
the q-form from the RR-sector.
Let us briefly review some of these aspects for intersecting D6-brane scenarios in Type IIA
string theory, where the closed string axions arise from the dimensional reduction of the
RR 3-form C3.
2 The first step to obtain the low energy effective action for the closed string
axions consists in expanding this 3-form with respect to a basis of real ΩR-even 3-forms
Λi,
C3 ⊃
h21∑
i=0
ξi(x)Λi(y), (27)
where x denote the coordinates along R1,3 and y the coordinates on the internal Calabi-Yau
orientifold. The dimensional reduction of the kinetic term for the four-form flux will then
reduce to the kinetic terms for the closed string axions ξi, while the coupling C3∧Tr(F ∧F )
in the Chern-Simons action (26) for the D6-brane reduces to the instanton term:
Lξ ⊃
piM8string
4
Vol6 (∂µξ
i)(∂µξi)− M
3
string
4pi
Vol3 ξ
i Tr(F ∧ F ). (28)
In this expression, Vol6 is the volume of the six-dimensional internal space and Vol3 the
volume of the compact three-cycle Π wrapped by the D6-brane. A simple rescaling of the
closed string axion ξi brings the low energy effective action to the conventional form of
2The external and internal degrees of freedom of the RR 1-form C1 are projected out on a Calabi-
Yau orientifold compactification (see e.g. [59]), and C3 expanded along orientifold invariant (1, 1)-forms
provides four-dimensional vectors related to isometries of the compact space.
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equation (8), from which we can read off the axion decay constant3:
fξ =
1
8
√
2pi
√
Vol6
Vol3
Mstring. (29)
One immediately notices that the axion decay constant for closed string axions is propor-
tional to Mstring, which makes it challenging to identify the QCD axion as a closed string
axion if the string scale is too high or too low. This consideration extends to other model
building scenarios in string theory.
Another obstacle [60] for closed string axions to solve the strong CP-problem appears when
involving moduli stabilisation of their CP-even scalar partners within N = 1 multiplets,
i.e. the dilaton and complex structure and Ka¨hler moduli (the ‘saxions’). For a saxion
stabilised supersymmetrically by non-perturbative corrections, its associated axion is also
stabilised with the same mass. The no-go theorem in [60] further indicates that the presence
of massless axions implies tachyonic directions in the scalar potential. However, if some of
the saxions are stabilised by perturbative effects in α′ or gstring, the no-go theorem can be
circumvented, as realised explicitly in the context of the LARGE Volume Scenario in [61].
Yet for unfixed closed string axions, their axion decay constant is still proportional to
Mstring, such that their appropriateness to serve as the QCD axion is strongly correlated
with an intermediate string scale (Mstring ∼ 1012 GeV).
In order to disentangle the axion decay constant from Mstring, one has to turn to other
axion sources than the closed string sector. In section 2.2 we argued that there exists
a natural way to embed a supersymmetric DFSZ-type axion model into D-brane model
building scenarios, in which case the axion then resides in a chiral matter multiplet from
the open string sector. Moreover, as the open string saxion is assumed be stabilisable
through standard field theory mechanisms (i.e. spontaneous symmetry breaking), open
string axions represent an alternative loophole to the no-go theorem of [60].
3.1.2 The Green-Schwarz mechanism and open string axions
In D-brane model building scenarios, U(1) symmetries appear as the centers of unitary
gauge groups supported on the respective D-brane worldvolumes, and gauge anomalies are
canceled by the generalized Green-Schwarz mechanism, in which the local U(1) symmetry
acquires a Stu¨ckelberg mass proportional to Mstring by eating a closed string axion. In
that case, the U(1) survives perturbatively as a global anomalous U(1) symmetry that is
only broken by non-perturbative effects [19] with at most a discrete Abelian symmetry as
3Similar relations exist for other D(3 + q)-brane model building scenarios involving Volq.
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remnant [62–66]. Such perturbative global symmetries are very suitable to serve as Peccei-
Quinn symmetries, as the discussion in the preceding section 2.2 and the two explicit
examples in section 3.2 below clearly show.
In section 2.2, it was already pointed out that the open string axion resides in an N=1
matter multiplet arising at some D-brane intersection involving the D-brane supporting
the anomalous U(1) symmetry. More explicitly, an open string axion corresponds to the
phase of a complex scalar field charged under the anomalous U(1) symmetry, similarly
to the field theory set-up discussed in section 2. At the string scale, the bosonic part is
described by the following Lagrangian:
LU(1)+axion = |(∂µ + i qBµ)σ|2 + 1
2
(∂µξ +MstringBµ)
2 , (30)
where σ denotes the complex scalar field with charge q under the anomalous U(1) symmetry
with gauge potential Bµ, while ξ represents the closed string axion eaten by Bµ in the
Stu¨ckelberg mechanism. The open string axion ρ arises as the phase of the complex field
σ:
σ =
v + s(x)√
2
ei ρ(x)/v, (31)
where s(x) describes the fluctuations of the open string saxion about its vacuum expecta-
tion value v. After inserting the expression for σ back into the Lagrangian, one obtains
the following action by keeping only track of the CP-odd scalars:
LCP-odd = 1
2
(∂µρ)
2 +
1
2
(∂µξ)
2 + (q v ∂µρ+Mstring ∂
µξ)Bµ +
(
q2v2
2
+
M2string
2
)
BµB
µ. (32)
This action can be brought back to the standard form:
LCP-odd = 1
2
(∂µζ +mBBµ)
2 +
1
2
(∂µα)
2, (33)
by an SO(2) transformation on the two CP-odd scalars (ξ, ρ):
ζ =
Mstring ξ + qv ρ√
M2string + q
2v2
, α =
Mstring ρ− qv ξ√
M2string + q
2v2
. (34)
Hence, it is in fact the linear combination ζ that turns into the longitudinal component of
the U(1) gauge boson with mass
m2B = M
2
string + q
2v2, (35)
while the orthogonal linear combination α remains as massless axion.
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Analogously to field theory axions, the open string axion couplings to Higgses and matter
can be chirally rotated away in favour of the linear coupling to Tr(G∧G), see appendix A
for technical details. Thus, both open and closed string axions will provide for an axion
coupling to the topological QCD charge density:
Lanom = 1
32pi2
ξ(x)
fξ
Tr(GµνG˜
µν) +
1
32pi2
ρ(x)
fρ
Tr(GµνG˜
µν), (36)
with the closed string axion decay constant fξ ∼ Mstring and the open string axion decay
constant fρ = qv.
4 Performing the SO(2) rotation also in this part of the Lagrangian yields
the axion-gluon couplings in the (ζ, α)-basis:
Lanom = 1
16pi2
ζ(x)
fζ
Tr(GµνG˜
µν) +
1
32pi2
α(x)
fα
Tr(GµνG˜
µν), (37)
for which the decay constants are now given by
fζ =
√
M2string + (qv)
2
2
, fα =
Mstring qv
√
M2string + (qv)
2
(M2string − (qv)2)
. (38)
For models where the Stu¨ckelberg mass is much heavier than the scale at which σ acquires
a vev, i.e. Mstring  v, the axion ζ eaten by the gauge boson consists primarily of the closed
string axion ξ. The orthogonal massless state α on the other hand will then be mostly
composed of the open string axion ρ. Notice that this will also be reflected in the decay
constants of the respective axions: fζ ∼ Mstring = fξ and fα ∼ qv = fρ. Hence, in this
configuration the string scale Mstring can be much higher than 10
12 GeV, as the presence
of an open string axion provides another candidate for the QCD axion.
Up to this point, both closed and open string axions have been considered, but only U(1)
symmetries from the open string sector have been taken into account. Generically, ori-
entifold compactifications of Type II string theory contain some number of closed string
vectors, also called ‘RR photons’. In Type IIA string theory, these arise from the dimen-
sional reduction C3 ⊃
∑h+11
i=1 A
µ
i (x)ω
i(y) with orientifold-even (1,1)-forms ωi. However, as
shown in [67], these closed string U(1)’s are completely decoupled from the open string
sector unless closed string fluxes significantly distort the Calabi-Yau geometry.
3.2 Standard Models on T 6/Z6 and T 6/Z′6 orbifolds
Two supersymmetric intersecting D6-brane models, in which the distinguished features pre-
sented in the previous sections are explicitly realised, have been constructed on T 6/Z6 [37]
4The axion-gluon couplings are proportional to the U(1)PQ−G2 anomaly coefficient due to the standard
string theoretic anomaly cancellation via the generalised Green-Schwarz mechanism.
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and T 6/Z′6 [40]. Both models are globally defined (i.e. they satisfy RR tadpole cancellation
and K-theory constraints) and contain a spontaneously broken right-symmetric group,
U(3)a × U(2)b × USp(2)c × U(1)d ×Ghidden
Green Schwarz mechanism−→ SU(3)a × SU(2)b × USp(2)c × U(1)B−L × U(1)2massive ×Ghidden
continuous displacement/Wilson line−→ SU(3)a × SU(2)b × U(1)Y × U(1)B−L × U(1)2massive ×Ghidden,
(39)
with the following B − L and hypercharge assignments in terms of original U(1)a,b,c,d
charges,
QB−L =
Qa
3
+Qd, QY =
QB−L +Qc
2
=
Qa
6
+
Qc +Qd
2
. (40)
On T 6/Z6 the ‘hidden’ gauge group is Ghidden = USp(2)e, and it can be broken to its center
U(1)e in the same way as the right-symmetric group USp(2)c is broken by switching on
a vev of the complex scalar encoding the displacement and Wilson line of the respective
D6-brane. The hidden gauge group Ghidden = USp(6)h on T
6/Z′6 on the other hand cannot
be broken by such a vev since the corresponding stack of D6-branes is perpendicular to
the O6-plane orbits while the other special D6-branes with USp(2) gauge groups in both
models are parallel to some O6-plane orbit.
The chiral spectra of both models are listed in tables 6 and 8 in appendix C, and the corre-
sponding non-chiral spectra are given in tables 7 and 9 for T 6/Z6 and T 6/Z′6, respectively.
In both cases, the three left-handed quarks QL stem from a(θ
kb′)k∈{0...2} sectors, where
(θkb′) denotes the kth orbifold image of b′, which in turn denotes the orientifold image of
D6-brane b. The right-handed down-type quarks dR are localised in the a(θ
kc) sectors,
and the right-handed up-type quarks uR in the a(θ
kc′) sectors. The charges under the
anomalous and massive U(1)b in the quark sector thus coincide with those given for the
global U(1)PQ in supersymmetric field theory in table 1. The c(θ
kd)′ sectors produce the
right-handed electrons eR, while the right-handed neutrinos νR emerge from intersections
in the c(θkd) sectors. In both models, four vector-like pairs of states in the antisymmetric
representation of U(2)b can be found in the b(θ
kb)′ sectors. These states provide exactly
the degrees of freedom for the singlet superfield Σ required to establish the supersymmetric
version of the DFSZ axion-model as discussed in section 2.2. Moreover, due to the sponta-
neously broken underlying left-right symmetric gauge structure in both models, the U(1)b
symmetry provides the only viable realisation of a U(1)PQ symmetry.
The first noteworthy difference between the massless spectra of the two models occurs in
the left-handed leptonic sector: the model on T 6/Z6 has exactly three left-handed leptons
in the b(θkd)′ sectors, while the chiral part of the spectrum on T 6/Z′6 contains six left-
handed leptons in the b(θkd) sectors and three anti-leptons in the b(θkd)′ sectors. A second
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difference concerns the Higgs-sector for the models: in the T 6/Z6 case, the Higgses (Hu, Hd)
arise as vector-like pairs with opposite U(1)b charge, while on T
6/Z′6 the Higgses have
identical U(1)b charge and belong to the chiral sector. As a consequence, the way in
which the supersymmetric DFSZ model of section 2.2 is realised for both D-brane models
will differ. Further details are given in sections 3.2.1 and 3.2.4 for the T 6/Z6 and T 6/Z′6
model, respectively. Last but not least, the T 6/Z6 model contains the weakly coupled
‘hidden’ gauge group USp(2)e, whereas for the model on T
6/Z′6 the hidden gauge group
USp(6)h runs to strong coupling below the string scale, and therefore a hidden sector
gaugino condensate can form and break supersymmetry spontaneously. As anticipated in
section 2.3, this will by gravity mediation result in soft breaking terms in the Standard
Model sector as further discussed in section 3.2.6.
3.2.1 A supersymmetric DFSZ model on T 6/Z6
We briefly review here the Higgs sector of the global 5-stack D6-brane model on T 6/Z6, that
was first constructed in [37, 38] with the non-chiral spectrum, beta function coefficients
and 1-loop gauge threshold corrections explicitly given in [39], before proceeding to the
new discussion of the Higgs-axion potential. The complete massless chiral and vector-like
matter states are for convenience listed in appendix C in tables 6 and 7 after spontaneous
breaking of the right-symmetric group USp(2)c → U(1)c.
In the left-right symmetric phase, the Higgs-sector of this model consists of a non-chiral
pair of bifundamental states located at the intersection points of the bc = bc′-sector. Under
a continuous displacement σ3c of (or a Wilson line τ
3
c along) the c-brane on the third two-
torus without Z2 action, the USp(2)c gauge group is broken to an Abelian gauge group
U(1)c, and the non-chiral pair [(2,2) + h.c.] of U(2)b×USp(2)c splits up into a non-chiral
pair [(2)(−1) +h.c.] of U(2)(×U(1)c)b in the bc-sector and another non-chiral pair [(2)
(1) +h.c.]
in the bc′-sector as listed in table 7. This implies that the model possesses two up-type
Higgs-doublets H
(i)
u and two down-type Higgs-doublets H
(i)
d with i = 1 for the bc-sector
and i = 2 for the bc′-sector.
Upon a spontaneous breaking USp(2)c → U(1)c of the c-brane gauge group, the Higgs
multiplets acquire a mass
√
α′ mHiggs ∝
√
v3(σ3c )
2 + v−13 (τ 3c )2 (with the two-torus volume
v3 in units of α
′) as denoted by the lower index m of the multiplicities in table 7. If
also the D-branes a and b are displaced from the origin and relatively to each other,
i.e. σa 6= σb 6= σc 6= σa and σx,x∈{a,b,c} 6= 0, a large part of the vector-like matter states is
rendered massive as displayed in table 7. The open string axion candidates Σ0...3, Σ˜0...3 with
U(1)b ' U(1)PQ charge +2 and −2, respectively, arise as antisymmetric representations of
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U(2)b as anticipated. For σb 6= 0, one vector-like pair Σ0 + Σ˜0 residing in the bb′ sector
becomes massive as denoted by 1m, while the other three vector-like pairs (Σi + Σ˜i)i=1,2,3
arise in the b(θkb)′k=1,2 sectors at non-vanishing angles and thus stay massless. For the
sake of simplicity in the discussion below, (σ3c , τ
3
c ) 6= (0, 0) is required to break the right-
symmetric group, but we assume either (σ3b , τ
3
b ) ≈ (0, 0) and therefore mH(1)d = mH(1)u ≈
m
H
(2)
u
= m
H
(2)
d
or (σ3b , τ
3
b ) ≈ ±(σ3c , τ 3c ) and thus one massless and one heavy Higgs pair
(H
(i)
d , H
(i)
u ).
The a priori massless states (Σi + Σ˜i)i=1,2,3 play the roˆle of the axion superfields in the
supersymmetric DFSZ model. The mass for the singlet superfield is thus expected to be
independent of the scale at which the right-symmetric gauge group USp(2)c is broken.
For the model at hand on T 6/Z6, the stringy coupling selection rule of closed polygons
(with D-branes along the edges and charged matter at the apexes) implies that the super-
potential coupling in equation (12) between the Higgses and the singlet superfield is only
perturbatively present in the form of a quartic coupling with a multiplet B1 in the ‘adjoint’
representation of U(1)b:
5
W4-point = µ1
Mstring
H
(1)
d ·H(2)u Σ1B1 +
µ2
Mstring
H
(2)
d ·H(1)u Σ˜1B1, (42)
for which the corresponding worldsheet instantons take the form of closed quadrilaterals,
whose volume depends on the relative displacements of the D-brane stacks. The geometric
configuration of the D-branes also allows for a cubic coupling between the two singlet
superfields and the ‘adjoint’ singlet state:
W3-point = κΣ1 Σ˜1B1. (43)
For simplicity, the two types of superpotential contributions above have been restricted
to the states located at the origin on the third two-torus labeled by the index 1. Similar
expressions can be written down for the states situated at the two other Z3 fixed points
on the third two-torus with indices 2 and 3.
As detailed in section 2.2, the Higgses couple to the quarks and leptons through Yukawa
interactions in the superpotential, with the left-handed quarks and leptons charged un-
der the U(1)b Peccei-Quinn symmetry as well. In the T
6/Z6 model at hand, the Yukawa
5A state in the adjoint representation of a U(2) gauge group decomposes into one adjoint state under
SU(2) and one ‘adjoint’ state under the centre U(1):
U(2) ' SU(2)× U(1), 4Adj = (3Adj)0 ⊕ (1Adj)0 . (41)
For our purposes, the singlet ‘adjoint’ state is considered since by giving a vev to it, at low energies
effectively the relevant three-point Yukawa couplings are obtained.
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couplings can only be realised through five-point couplings involving two additional ‘ad-
joint’ multiplets of the U(1) gauge factors to complete the apexes of the pentagon-like
worldsheet instantons enclosed by the D-brane stacks.6 For the Yukawa couplings with the
quarks, an ‘adjoint’ multiplet Aj of U(1)a ⊂ U(3)a and an ‘adjoint’ multiplet multiplet Bk
of U(1)b ⊂ U(2)b complete the D-brane sequence:
Wquarks = f
ijk
u
M2string
AjBkQ
(i)
L ·H(2)u u(i)R +
f ijkd
M2string
AjBkQ
(i)
L ·H(1)d d(i)R , (44)
while the Yukawa couplings to the leptons require an ‘adjoint’ multiplet Bj of U(1)b and
an ‘adjoint’ multiplet Dk of U(1)d,
Wleptons = f
ijk
e
M2string
BjDk L
(i) ·H(2)d e(i)R +
f ijkν
M2string
BjDk L
(i) ·H(1)u ν(i)R . (45)
In both superpotential contributions, the indices i, j, k ∈ {1, 2, 3} denote the fixed points
on T 2(3) at which the various states are localised.
7 The supersymmetric DFSZ model can
thus be fully realised on the orbifold T 6/Z6, with the superpotential given by:
WDFSZ =W3-point +W4-point +Wquarks +Wleptons. (46)
Table 2 provides a summary of the various family-diagonal couplings in the DFSZ super-
potential, and figure 1 gives a pictorial representation of the five-point Yukawa couplings.
The ‘adjoint’ multiplets Ai, Bj and Dk encode the geometric deformation moduli of the
intersection points of x(θkx)k=1,2 for x ∈ {a, b, d}, whose vevs describe brane recombinations
of orbifold images for the corresponding stack x. Since only vevs in the singlet fields
are considered, the gauge representations are not affected. Following the discussion in
section 2.3, the singlet fields fall under the category of ‘hidden’ matter. As such, they
are assumed to be stabilised independently from the vacuum configuration of the charged
matter, and the vevs of the scalar fields inside the multiplets determine the scale of the
couplings between the charged matter. Integrating out these ‘adjoint’ multiplets Ai, Bj and
6In the left-right symmetric phase, one could naively expect cubic Yukawa couplings to exist, in which
case they would correspond to pointlike worldsheet instantons as the D-brane stacks intersect at a single
point. However, upon displacing the D-brane stacks along the third two-torus, the triple intersections
points are no longer present. A more profound investigation of the existence of this type of Yukawa
coupling is required, but goes well beyond the scope of this article.
7There also exist five-point couplings with mixings among two particle generations as can e.g. be seen
on T 2(3) in figure 1 with different choices of trapezoid edges on the left and right. However, a detailed study
of the Yukawa sector goes well beyond the scope of the present article and will be addressed in separate
work [68]. The axion-Higgs potential considered in this article is independent of possible quark or lepton
generation mixing terms.
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Couplings for the SUSY DFSZ model on T 6/Z6 in L-R symmetric phase
Coupling Sequence Enclosed Area Parameters
M−2stringB1A2Q
(1)
L HQ
(1)
R
1
8
v2 +
1
2
v3 f
1
u = f
1
d ∼ O
(
e−
v2
8
− v3
2
)
M−2stringB3A3Q
(2)
L HQ
(2)
R [a, (ω
2b)′, b′, c, (ω2a)] 1
8
v2 +
1
6
v3 f
2
u = f
2
d ∼ O
(
e−
v2
8
− v3
6
)
M−2stringB2A1Q
(3)
L HQ
(3)
R
1
8
v2 +
1
6
v3 f
3
u = f
3
d ∼ O
(
e−
v2
8
− v3
6
)
M−2stringB1D2 L
(1)HR(1) 1
8
v2 +
1
2
v3 f
1
e = f
1
ν ∼ O
(
e−
v2
8
− v3
2
)
M−2stringB3D3 L
(2)HR(2) [d, (ω2b)′, b′, c, (ω2d)] 1
8
v2 +
1
6
v3 f
2
e = f
2
ν ∼ O
(
e−
v2
8
− v3
6
)
M−2stringB2D1 L
(3)HR(3) 1
8
v2 +
1
6
v3 f
3
e = f
3
ν ∼ O
(
e−
v2
8
− v3
6
)
M−1stringH
(1)
d ·H(2)u Σ1B1 [b, c, b′, (ω2b)] 12v1 + 18v2 µ1 ∼ O
(
e−
v1
2
− v2
8
)
M−1stringH
(2)
d ·H(1)u Σ˜1B1 [b, c′, b′, (ωb)] 12v1 + 18v2 µ2 ∼ O
(
e−
v1
2
− v2
8
)
Σ1Σ˜1B1 [b, (ωb)
′, (ωb)] 0 κ ∼ O(1)
Table 2: Overview (left column) of the relevant perturbatively allowed three-, four- and five-point
couplings appearing in the superpotential (46) of the supersymmetric DFSZ model on T 6/Z6. The
couplings are presented in the left-right symmetric phase with the Higgs-doublet (Hu, Hd) denoted
by H, the right-handed quarks by Q
(i)
R and the right-handed leptons by R
(i). The corresponding
D-brane sequence of the coupling is given in the second column from the left, and the area of
the minimal holomorphic curve enclosed by the worldsheet instanton is given in the third column
from left, where vi denotes the volume of T
2
(i) in units of α
′. The fourth column indicates the
order of magnitude for the coupling assigned to the respective n-point coupling.
Dk molds the cubic superpotential W3-point into a supersymmetric mass term for Σ1 and
Σ˜1 with mass parameter κ˜ ≡ κ〈B1〉, while all other couplings in the superpotenial WDFSZ
of equation (46) reduce to the desired cubic couplings with respective coupling parameters:
µ˜i ≡ µi
Mstring
〈B1〉, f˜ ijku|d ≡
f ijku|d
M2string
〈AjBk〉, f˜ ijke|ν ≡
f ijke|ν
M2string
〈BjDk〉. (47)
Due to the presence of string scale suppressed couplings, a distinct hierarchy between the
couplings can emerge depending on the value of Mstring and vevs of the ‘adjoint’ multiplets,
such as e.g. κ˜  µ˜i, f˜ ijku|d , f˜ ijke|ν . This observation might be of particular interest to address
the µ-problem in a similar manner to the Kim-Nilles proposal of non-renormalisable Planck-
suppressed couplings [52]. For a string scale of the order 1016 GeV, the supersymmetric
mass term for the Higgses is of the order of the TeV scale, provided that the κ˜-parameter
and the vevs of the saxions are of the order 1010 GeV (which lies within the axion window).
Higher values of the latter two parameters are allowed in situations where the µi parameters
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T 2(1)
QL Bj
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(2|1)
u|d
T 2(2)
(a) (a) 3
2
2
1
1
T 2(3)
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(b) (b)
Figure 1: Pictorial overview of the five-point couplings BjAkQ
(i)
L ·H(2)u u(i)R [a, (ω2b)′, b′, c, (ω2a)]
and BjAkQ
(i)
L ·H(1)d d(i)R [a, (ω2b)′, b′, c′, (ω2a)] from table 2 on the covering space of the two-tori.
One parallelogram represents a cell in the complex torus-lattice, and for illustrational purposes
non-minimal polyangular worldsheets are depicted. qR denotes either uR or dR. On T
2
(1) and
T 2(2), the worldsheet instanton can correspond to a simple (a) or self-intersecting (b) holomorphic
curve. On the third two-torus, the shape of the worldsheet instanton is a trapezoid whose area
is generation-dependent: the coupling of the heaviest generation (i = 3) is characterized by the
trapezoid 3 with • as vertices, the coupling of the second generation (i = 2) by trapezoid 2 with
 as vertices and the coupling of the first generation (i = 1) by trapezoid 1 with N as vertices.
The intersection points are chosen such that the first generation has the largest minimal area on
T 2(3), as indicated in table 2. The five-point couplings are given for the left-right symmetric phase
of the model. If the right-symmetric group USp(2)c is broken by a continuous displacement of
the c-brane along T 3(2), the corresponding trapezoids are deformed. The exact same drawings can
be made for the lepton-Yukawa couplings, by substituting brane a for brane d.
are exponentially suppressed e.g. by extended instantonic worldsheets.
When integrating out the ‘adjoint’ multiplet B1 from the cubic superpotential (43) and the
quartic superpotential (42), the F-term contributions to the axion-Higgs potential simplify
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to the following expression:
VF =
∣∣∣κ˜σ˜1 + µ˜1H(1)d ·H(2)u ∣∣∣2 + ∣∣∣κ˜σ1 + µ˜2H(2)d ·H(1)u ∣∣∣2
+|µ˜1|2
(∣∣∣H(2)u ∣∣∣2 + ∣∣∣H(1)d ∣∣∣2) |σ1|2 + |µ˜2|2(∣∣∣H(1)u ∣∣∣2 + ∣∣∣H(2)d ∣∣∣2) |σ˜1|2, (48)
where the symbols σ1(σ˜1) denote the complex scalar field component of the superfields
Σ1(Σ˜1), and should not be confused with the displacement parameter σ
3
x,x∈{a,b,c}, nor with
the singlet field σ˜ in the original, non-supersymmetric DFSZ-model.8
As anticipated in section 2.2, the coupling of the Higgses to the Standard Model gauge
group leads to a D-term potential consisting of quartic terms for the Higgses:
VD =
(g2Y + g
2
2)
8
(∣∣H(1)u ∣∣2 − ∣∣∣H(2)d ∣∣∣2 + ∣∣H(2)u ∣∣2 − ∣∣∣H(1)d ∣∣∣2)2
+
g22
2
(∣∣∣H(1)u †H(2)u ∣∣∣2 + ∣∣∣H(1)d †H(2)d ∣∣∣2 + ∣∣∣H(1)u †H(1)d ∣∣∣2 + ∣∣∣H(1)u †H(2)d ∣∣∣2
+
∣∣∣H(2)u †H(1)d ∣∣∣2 + ∣∣∣H(2)u †H(2)d ∣∣∣2 − ∣∣H(1)u ∣∣2 ∣∣H(2)u ∣∣2 − ∣∣∣H(1)d ∣∣∣2 ∣∣∣H(2)d ∣∣∣2) , (49)
where gY and g2 denote the U(1)Y and SU(2)b gauge couplings, respectively.
Furthermore, as the Higgses and the Standard Model singlets Σ1 and Σ˜1 couple locally
to the anomalous U(1)b gauge symmetry, an additional D-term contribution to the scalar
potential has to be taken into account, generating a quartic couplings for σ1 and σ˜1:
V
U(1)b
D =
g22
8
(∣∣∣H(2)d ∣∣∣2 − ∣∣∣H(1)d ∣∣∣2 + ∣∣H(1)u ∣∣2 − ∣∣H(2)u ∣∣2 + 2|σ1|2 − 2|σ˜1|2)2 . (50)
The scalar potential is completed by adding soft supersymmetry breaking terms consistent
with the gauge structure of the model:
Vsoft = m
2
H
(1)
u
∣∣∣H(1)u ∣∣∣2 +m2
H
(2)
u
∣∣∣H(2)u ∣∣∣2 +m2
H
(1)
d
∣∣∣H(1)d ∣∣∣2 +m2H(2)d
∣∣∣H(2)d ∣∣∣2
+m2σ1|σ1|2 +m2σ˜1|σ˜1|2 − (m212 σ1σ˜1 + h.c.)
+
(
c1H
(1)
d ·H(2)u σ1 + h.c.
)
+
(
c2H
(2)
d ·H(1)u σ˜1 + h.c.
)
+(m211H
(1)
d ·H(1)u + h.c.) + (m222H(2)d ·H(2)u + h.c.).
(51)
8The scalar components of the Higgs superfields are denoted with capital letters, in the hope that it
will not confuse the reader. Small letters for the Higgses are used later on to denote the components of
the doublet structure.
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These soft superysmmetry breaking terms include mass terms for the various fields, as
well as A-terms (third line) and B-terms (fourth line) whose shapes are constrained by
gauge invariance. Note that the only interactions between the Higgses and the axions in
the scalar potential arise from the A-terms. As already suggested in section 2.3, these
soft supersymmetry breaking terms can originate from gravity mediated supersymmetry
breaking. In section 3.2.6 we will come back to this point and discuss how the gravity
mediated soft supersymmetry breaking scenario might work in practice for the two explicit
examples. If the antisymmetric states Σ2,3 and Σ˜2,3 located at the other two Z3 fixed points
on T 2(3) are also included, the F-terms potential, the D-term potential associated to U(1)b
and the soft supersymmery breaking potential have to be generalised, leading to an even
more complicated scalar potential.
The full scalar potential for the axion-Higgs sector is given by:
V = VF + VD + V
U(1)b
D + Vsoft, (52)
whose vacuum structure determines both the spontaneous breaking of the anomalous
U(1)PQ symmetry and the electroweak symmetry breaking. In this respect, it is crucial
to determine the vacuum configuration for the Higgses and the saxions. As anticipated in
equation (3), invariance under U(1)el-mag requires zero vevs for the charged Higgs compo-
nents, and therefore the H
(i)
u and H
(j)
d vacua are orthogonal, i.e. the terms
∣∣∣H(1)u †H(1)d ∣∣∣2,∣∣∣H(1)u †H(2)d ∣∣∣2, ∣∣∣H(2)u †H(1)d ∣∣∣2, and ∣∣∣H(2)u †H(2)d ∣∣∣2 vanish in the vacuum. A reasonable guess for
the minimum of the D-term potential preserving U(1)el-mag invariance is thus:
〈h0,(1)u 〉 =
vu√
2
= 〈h0,(2)u 〉, 〈h0,(1)d 〉 =
vd√
2
= 〈h0,(2)d 〉, 〈σ1〉 =
vσ1√
2
ei φ1 , 〈σ˜1〉 = vσ˜1√
2
ei φ˜1 .(53)
The vevs have to satisfy additional constraints in order for them to minimise the scalar
potential. The discussion for the Higgs-sector will be postponed to section 3.2.3, as we will
first investigate the spontaneous gauge symmetry breaking for this vacuum configuration.
3.2.2 Symmetry breaking and the QCD axion
The gauge bosons of the SU(2)b×U(1)Y symmetry acquire their mass through the Brout-
Englert-Higgs mechanism, while the U(1)B−L has to be broken by the vev of some right-
handed sneutrino ν˜R. The Stu¨ckelberg mechanism supplies a mass for the gauge boson of
the U(1)b gauge symmetry as reviewed in section 3.1.2, leaving only the SU(3)a×U(1)el-mag
gauge group as unbroken gauge symmetry for the observable matter sector.
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Besides identifying the symmetry breaking mechanisms for the electroweak and U(1)PQ ' U(1)b
symmetry, the phenomenological viability of the model also requires to indicate at which
scales the symmetry breaking occurs. To this end, we take a closer look at the fields in-
volved in the symmetry breaking mechanisms and write down the gauge invariant kinetic
terms for the Higgses, the antisymmetric states σ1 and σ˜1 of U(2)b and the closed string
axion ξ, which in the present example stems from the Z2 twisted sector:
LHiggs-axionkin =
∑
i=1,2
∣∣DµH(i)u ∣∣2+∑
i=1,2
∣∣∣DµH(i)d ∣∣∣2+|Dµσ1|2+|Dµσ˜1|2+ 12(∂µξ+MstringBµ)2, (54)
where the covariant derivatives acting on the various fields are given explicitly by:
DµH
(i)
u = ∂µH
(i)
u + i
g2
2
~τ · ~WµH(i)u + igY2 YµH(i)u ∓ iBµH(i)u ,
DµH
(i)
d = ∂µH
(i)
d + i
g2
2
~τ · ~WµH(i)d − igY2 YµH(i)d ± iBµH(i)d ,
Dµσ1 = ∂µσ1 + i qσ1Bµσ1, Dµσ˜1 = ∂µσ˜1 + i qσ˜1Bµσ˜1,
(55)
with the Pauli three matrices ~τ , the upper signs for i = 1 and the lower signs for i = 2,
and qσ1 = −qσ˜1 = 2. We also opted to rescale the U(1)b gauge field Bµ such that the gauge
coupling constant does not appear in these relations, which will simplify the expressions
later on in this subsection.
For the vacuum configuration of equation (53), the mass for the charged W -bosons is given
by the expression:
m2W =
g22
2
(v2u + v
2
d), (56)
while the masses for Z0 and Bµ and the massless A
γ follow from the eigenvalues of the
following mass matrix:
M2gauge =

g2Y
2
(v2d + v
2
u) −g2gY2 (v2d + v2u) 0
−g2gY
2
(v2d + v
2
u)
g22
2
(v2d + v
2
u) 0
0 0 M2string + q
2
σ1
v2σ1 + q
2
σ˜1
v2σ˜1 + 2(v
2
d + v
2
u)
 .
(57)
Due to the presence of two H
(i)
u doublets with opposite charges under U(1)b (and similarly
for the two H
(i)
d doublets), there are no mixing terms between the Bµ gauge boson and the
neutral Standard Model bosons Z0 and Aγ. The eigenvalues of the mass matrix reduce to
the usual expressions for the masses of Z0 and γ:
m2γ = 0, m
2
Z0 =
g2Y +g
2
2
2
(v2u + v
2
d) ,
m2B = M
2
string + q
2
σ1
v2σ1 + q
2
σ˜1
v2σ˜1 + 2(v
2
d + v
2
u).
(58)
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The eigenvectors corresponding to the massless γ and massive Z0 gauge bosons are related
to W 3µ and Yµ through an O(2) rotation over the Weinberg angle θW :
9
Zµ = cos θWW
3
µ − sin θWYµ,
Aµ = sin θWW
3
µ + cos θWYµ.
(60)
From the mass relations for the W -bosons and the Z0-boson, one can immediately deduce
that the ρ-parameter remains equal to one at tree-level (similar to the Standard Model
and the MSSM):
ρ ≡ m
2
W
m2Z cos
2 θW
= 1. (61)
The non-mixing of the Standard Model gauge bosons and the U(1)b gauge boson in this
vacuum configuration also imply that the tree-level analysis does not provide for lower
bounds on the string mass scale or the vevs vσ1 and vσ˜1 , in contrast to scenarios with a
single closed string axion [50] or with a combination of closed string axions and a single
open string axion [22, 69]. It remains to be checked how quantum corrections affect the
ρ-parameter and how the experimental value constrains new physics in this model.
In the mass acquisition process for the gauge boson Bµ, the closed string axion as well as
both open string axions and the CP-odd neutral Higgses all take part. The next step of
the analysis then consists of figuring out which CP-odd scalar is eaten by the U(1)b gauge
boson and which CP-odd scalar can serve as the QCD axion. The QCD axion can only be
identified in this model if Mstring ≥ vσ1 , vσ˜1 ≥ 109 GeV, such that the corresponding decay
constant meets the phenomenological constraints of the axion window. This consideration
suggests a hierarchy between the vevs for the Standard Model singlets σ1 and σ˜1 on the
one hand and the Higgses on the other hand:
vσ1 , vσ˜1  vu, vd ∼ O(100 GeV). (62)
As a consequence, the fractions of the CP-odd neutral Higgses eaten by the gauge boson
Bµ are suppressed by at least a factor 10
−7 with respect to the portions of the open string
axions. It also implies that the CP-odd neutral Higgses can be safely disregarded in the
identification process for the QCD axion. By focusing on the terms involving the open
string axions (ρ1, ρ˜1) residing inside the complex scalars (σ1, σ˜1) and on the closed string
9For completeness, we also give the relations between the Weinberg angle and the various gauge coupling
constants:
g2 sin θW = gY cos θW = e, cos θW =
g2√
g2Y + g
2
2
, sin θW =
gY√
g2Y + g
2
2
. (59)
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axion ξ in equation (54),
LCP−odd = 12(∂µρ1)2 + 12(∂µρ˜1)2 +Bµ (vσ1qσ1∂µρ1 + vσ˜1qσ˜1∂µρ˜1) +
q2σ1v
2
σ1
+q2σ˜1
v2σ˜1
2
BµB
µ
+1
2
(∂µξ)
2 +MstringBµ∂
µξ + 1
2
M2stringBµB
µ,
(63)
one notices immediately that the axion eaten by the gauge field Bµ is a mixture of ξ with
ρ1 and ρ˜1. An SO(3) rotation on the axions (ζ, ρ1, ρ˜1) allows to bring the action back to
the standard Stu¨ckelberg form, similar to equation (33), and the axion ζ becoming the
longitudinal mode of the U(1)b gauge boson is now identified as:
ζ =
Mstring ξ + vσ1qσ1 ρ1 + vσ˜1qσ˜1 ρ˜1√
M2string + q
2
σ1
v2σ1 + q
2
σ˜1
v2σ˜1
. (64)
The two other linear combinations form orthogonal directions with respect to ζ:
α1 =
Mstring(qσ1vσ1ρ1 + qσ˜1vσ˜1 ρ˜1)− (q2σ1v2σ1 + q2σ˜1v2σ˜1) ξ√
(v2σ1q
2
σ1
+ v2σ˜1q
2
σ˜1
)[M2string + (q
2
σ1
v2σ1 + q
2
σ˜1
v2σ˜1)]
, (65)
α2 =
−qσ˜1vσ˜1 ρ1 + qσ1vσ1 ρ˜1√
v2σ1q
2
σ1
+ v2σ˜1q
2
σ˜1
, (66)
and remain massless CP-odd scalars as there are no couplings of the form Bµ ∂
µαi. As such
the U(1)b will only manifest itself as a perturbative global symmetry once the gauge field
acquired its mass via the Stu¨ckelberg mechanism. The field α1 describes a mixing between
the closed and open string axions, whereas the field α2 only contains a mixing between
the two open string axions. In models where Mstring  vσ1 , vσ˜1 the mixing between the
closed string axion and the open string axions is very small, and the main constituent of
the eaten axion ζ consists of the closed string axion ξ.
The final step in identifying the QCD axion consists in evaluating the coupling to the
topological QCD charge density and the values of the decay constants for the two CP-odd
scalars αi. Using the elements discussed in appendix A, the coupling of the axions to the
QCD anomaly term can be written as
LQCDanom =
1
32pi2
[
ζ
fζ
+
α1
fα1
+
α2
fα2
]
AU(1)bGG Tr(GµνG˜µν), (67)
with AU(1)bGG the anomaly coefficient (AU(1)bGG = 2Ngeneration = 2× 3 for this model) and
(fζ , fα1 , fα2) denoting the decay constants corresponding to (ζ, α1, α2):
fζ =
√
M2string+(v2σ1q
2
σ1
+v2σ˜1
q2σ˜1)
CξGG+1
,
fα1 =
Mstring
√
q2σ1v
2
σ1
+q2σ˜1
v2σ˜1
√
M2string+(v2σ1q
2
σ1
+v2σ˜1
q2σ˜1)
(M2string−CξGG(v2σ1q2σ1+v2σ˜1q
2
σ˜1
))
,
fα2 =
fρ1
fρ˜1
√
f 2ρ1 + f
2
ρ˜1
=
∣∣∣ qσ1vσ1qσ˜1vσ˜1 ∣∣∣√q2σ1v2σ1 + q2σ˜1v2σ˜1 .
(68)
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The real dimensionless constant CξGG represents the coupling coefficient of the closed string
axion ξ to the QCD anomaly (see appendix A). The axion also couples to photons through
the anomaly term of the electromagnetic field strength, as in equation (112). The model-
dependent parameters Cαiγγ reads for the CP-odd scalars αi:
Cα1γγ =
4M2string−Cξγγ(v2σ1q2σ1+v2σ˜1q
2
σ˜1
)
M2string−CξGG(v2σ1q2σ1+v2σ˜1q
2
σ˜1
)
,
Cα2γγ =
7v2σ1q
2
σ1
+11v2σ˜1
q2σ˜1
v2σ˜1
q2σ˜1
,
(69)
where Cξγγ represents the coupling coefficient of the closed string axion ξ to the electromag-
netic anomaly. Table 3 exhibits values of the decay constants fαi and coupling coefficients
Cαiγγ for various values of the string scale and the saxion vevs vσ1 and vσ˜1 .
Scales and axion decay constants
Mstring ∼ 1012 − 1016 GeV
vσ1 10
11 GeV 1010 GeV 109 GeV
vσ˜1 10
9 GeV 1010 GeV 1011 GeV
fα1 2 · 1011 GeV 3 · 1010 GeV 2 · 1011 GeV
fα2 2 · 1013 GeV 3 · 1010 GeV 2 · 109 GeV
Cα1γγ 4 4 4
Cα2γγ 70 · 103 18 11
Table 3: Overview of the axion decay constants and the axion-photon coupling coefficients for
the supersymmetric DFSZ model on T 6/Z6 depending on the scales (Mstring, vσ1 , vσ˜1) with closed
string axion coefficients CξGG = 1 and Cξγγ = 1. For Mstring > vσ1 , vσ˜1 , the saxions vevs set the
scales for the decay constants, as can be inferred from equations (68) and (69).
From equation (68) and table 3, one notices that the magnitude of the decay constant fα1
is set by the largest of the two saxion vevs vσ1 and vσ˜1 , and therefore falls into the axion
window whenever the highest saxion vev lies in the axion window. As expected from the
formula in (69), the coupling coefficient Cα1γγ for this CP-odd scalar remains a constant of
order O(1), given that the string mass scale is assumed to be higher than the saxion vevs.
Hence, the CP-odd scalar α1 can safely play the roˆle of the QCD axion. The other CP-odd
scalar α2 can be seen as an axion-like particle. That is to say, the decay constant fα2 can be
higher than the upper bound of the axion window, even though both saxion vevs lie in the
axion window. Furthermore, the axion-photon coupling constant Cα2γγ depends strongly
on the largest saxion vev, such that the axion-photon interaction can be less suppressed
than the axion-gluon interaction. Note that the ratio fα2/Cα2γγ is of the order 10
9 GeV or
smaller.
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The QCD axion α1 plays the roˆle of the pseudo-Goldstone boson arising from the sponta-
neous breaking of the global anomalous U(1)b, left over after the Stu¨ckelberg mechanism.
The spontaneous breaking of this symmetry is triggered by the non-vanishing vevs of the
saxions s1 and s˜1 residing in the Standard Model singlet fields σ1 and σ˜1. Hence, an inves-
tigation of the vacuum structure for the saxions is in order as well. Under the hierarchy
assumption of equation (62), not all terms in the scalar potential of equation (52) con-
tribute with the same order of magnitude. In this sense, the vacuum structure for the
saxions is determined by those terms that only involve σ1 and σ˜1 and do not contain any of
the Higgs fields. These terms originate partly from the F-term scalar potential, the U(1)b
D-term potential and the soft supersymmetry breaking terms and can be combined into
the following pure saxion potential:
Vsaxion(σ1, σ˜1) =
g22
8
(
2|σ1|2 − 2|σ˜1|2
)2
+ mˆ2σ1 |σ1|2 + mˆ2σ˜1|σ˜1|2 −m212 σ1σ˜1 −m212 σ†1σ˜†1, (70)
where we introduced the following notation:
mˆ2σ1 ≡ m2σ1 + |κ˜|2, mˆ2σ˜1 ≡ m2σ˜1 + |κ˜|2. (71)
Next, we impose that the vacuum configuration for the singlets σ1 and σ2 as given in equa-
tion (53) minimise the saxion potential and do not break supersymmetry spontaneously,
i.e. Vsaxion(〈σ1〉, 〈σ˜1〉) = 0. These considerations can be recast into the following three
constraint equations:
2g2b (v
2
σ1
− v2σ˜1) + mˆ2σ1 −
vσ˜1
vσ1
Re
(
m212e
i(φ1+φ˜1)
)
= 0, (72)
−2g2b (v2σ1 − v2σ˜1) + mˆ2σ˜1 −
vσ1
vσ˜1
Re
(
m212e
i(φ1+φ˜1)
)
= 0, (73)
g2b (v
2
σ1
− v2σ˜1)2 + mˆ2σ1v2σ1 + mˆ2σ2v2σ2 − 2vσ1vσ˜1Re
(
m212e
i(φ1+φ2)
)
= 0. (74)
In order for the potential to be bounded from below, even along the D-flat direction
|σ1| = |σ˜1|, the following inequality has to hold at all scales:
mˆ2σ1 + mˆ
2
σ˜1
= 2|κ|2 +m2σ1 +m2σ˜1 > 2 Re
(
m212
)
. (75)
However, we also need to make sure that the saxion vacuum configuration breaks sponta-
neously the Peccei-Quinn symmetry. To this end, we focus on the quadratic terms of the
saxion potential along the D-flat directions
V quad.saxion = (σ
†
1, σ˜1)
 mˆ2σ1 −m212
−m212 mˆ2σ˜1
 σ1
σ˜†1
 , (76)
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where the hermitian mass matrix can be diagonalised containing the following two eigen-
values
λ± =
1
2
[
mˆ2σ1 + mˆ
2
σ˜1
±
√
4|m12|4 + (mˆ2σ1 − mˆ2σ˜1)2
]
. (77)
In order for the singlets σ1 and σ2 to acquire a non-zero vev, one of the eigenvalues has to
be negative, implying the following relation between the mass parameters:
|m12|4 > m2σ1m2σ˜1 . (78)
This relation, which is equivalent to demanding a negative determinant for the mass matrix,
should hold at and below the scale at which the global U(1)b ' U(1)PQ symmetry is broken.
3.2.3 The Higgs scalar potential
The picture developed in the previous subsections distinguishes three symmetry break-
ing processes, occurring at different energy scales. At Mstring, the local U(1)b symmetry
acquires a mass by eating a stringy axion, such that the symmetry survives as a global
perturbative Peccei-Quinn symmetry. This global symmetry is spontaneously broken when
the saxions s1 and s˜1 develop non-vanishing vevs vσ1 and vσ˜1 at energy-scales between 10
9
and 1012 GeV. At energy scales of the order of 100 GeV, the CP-even neutral components
of the Higgses develop a non-zero vev, such that the electroweak symmetry is broken via
the Brout-Englert-Higgs mechanism.
Before determining the constraint equations, which express that the vacuum configuration
in (53) minimise the scalar potential for the Higgses, we integrate out the degrees of
freedom of the massive U(1)b gauge boson and of the saxions, supported by the indicative
hierarchy of energy scales in (62). The procedure of integrating out the heavy U(1)b is
briefly outlined in appendix B, with the roˆle of U(1)a there now played by the electroweak
gauge symmetry SU(2) × U(1)Y . The effect of integrating out U(1)b can be captured by
additional prefactors in the Ka¨hler potential for the Higgses:
KSUSY = ω−H
(1)
u
†
e2g2V
SU(2)
e2gY V
Y YH
(1)
u + ω+H
(1)
d
†
e2g2V
SU(2)
e2gY V
Y YH
(1)
d
+ω+H
(2)
u
†
e2g2V
SU(2)
e2gY V
Y YH
(2)
u + ω−H
(2)
d
†
e2g2V
SU(2)
e2gY V
Y YH
(2)
d ,
(79)
where we introduced the notation (remember q
H
(1)
u
= q
H
(2)
d
= −1 = −q
H
(2)
u
= −q
H
(1)
d
under
U(1)b):
ω± ≡ 1± 2z + 2z2 with z = g2
2Mstring
〈Uζ + U †ζ 〉, (80)
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with Uζ the combination of open and closed string saxions which complexify the axion ζ
defined in equation (64). In the Type IIA string models at hand, the relevant closed string
saxion is a complex structure modulus.
Upon integrating out the heavy vector multiplet, the U(1)b D-term contribution to the
scalar potential will no longer be present, but the D-term potential associated to the
electroweak symmetry is slightly altered due to the prefactors in the Ka¨hler potential:
V effD =
(g2Y +g
2
2)
8
(
ω−
∣∣∣H(1)u ∣∣∣2 − ω− ∣∣∣H(2)d ∣∣∣2 + ω+ ∣∣∣H(2)u ∣∣∣2 − ω+ ∣∣∣H(1)d ∣∣∣2)2
+
g22
2
(
ω−ω+
∣∣∣H(1)u †H(2)u ∣∣∣2 + ω−ω+ ∣∣∣H(1)d †H(2)d ∣∣∣2 + ω−ω+ ∣∣∣H(1)u †H(1)d ∣∣∣2
+ω2−
∣∣∣H(1)u †H(2)d ∣∣∣2 + ω2+ ∣∣∣H(2)u †H(1)d ∣∣∣2 + ω−ω+ ∣∣∣H(2)u †H(2)d ∣∣∣2
−ω−ω+
∣∣∣H(1)u ∣∣∣2 ∣∣∣H(2)u ∣∣∣2 − ω−ω+ ∣∣∣H(1)d ∣∣∣2 ∣∣∣H(2)d ∣∣∣2) .
(81)
It is noteworthy that the vacuum configuration in (53) can still correspond to a minimum
of the effective D-term potential.
The prefactors ω± will also appear in the F-term contributions to the scalar potential, where
we have to integrate out the degrees of freedom of the saxions. Replacing10 the superfields
Σ1 and Σ˜1 by their vevs in the superpotential (46) yields the effective superpotential
WeffDFSZ = µ1〈Σ1〉H(1)d ·H(2)u + µ2〈Σ˜1〉H(2)d ·H(1)u , (82)
leading to the effective F-term potential
V effF =
|µ1|2v2σ1
2ω+
(∣∣∣H(1)d ∣∣∣2 + ∣∣H(2)u ∣∣2)+ |µ2|2v2σ˜12ω−
(∣∣∣H(2)d ∣∣∣2 + ∣∣H(1)u ∣∣2) . (83)
Integrating out the heavy superfields Σ1 and Σ˜1 in the same way, one finds that the soft
supersymmetry breaking potential terms reduce to:
V effsoft = m
2
H
(1)
u
∣∣∣H(1)u ∣∣∣2 +m2
H
(2)
u
∣∣∣H(2)u ∣∣∣2 +m2
H
(1)
d
∣∣∣H(1)d ∣∣∣2 +m2H(2)d
∣∣∣H(2)d ∣∣∣2
+
(
c1
vσ1√
2
ei φ1H
(1)
d ·H(2)u + h.c.
)
+
(
c2
vσ˜1√
2
ei φ˜1H
(2)
d ·H(1)u + h.c.
)
+(m211e
i
ξ1
fξ1 e
i δv
ξ2
fξ2 H
(1)
d ·H(1)u + h.c.) + (m222e
i
ξ1
fξ1 e
i δv
ξ2
fξ2 H
(2)
d ·H(2)u + h.c.).
(84)
10Due to the coupling between the Higgses and the chiral superfields Σ1 and Σ˜1, the superpotential
is not separable into light and heavy superfields. In this respect, one ought to integrate out the heavy
chiral superfields by ensuring the stationarity of the superpotential, as argued in e.g. [70]. However, as the
coupling (42) of the Higgses to the heavy superfields Σ1 and Σ˜1 is string-scale suppressed with respect to
the supersymmetric mass term (43) for the heavy superfields, the replacement procedure is still assumed
to be valid.
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The additional axion terms in the last line might seem unexpected, but they are an un-
equivocal consequence of the fact that the axions ξ1 and ξ2 still correspond to massless
excitations at the electroweak breaking scale. As such they cannot be integrated out and
remain present in the scalar potential. Using the toolbox of appendix A we have chosen
a configuration where the axions appear in the third line instead of the second line, with
the dimensionless constant δv =
v2σ1−v2σ˜1
2v2σ˜1
measuring the difference between the saxion vevs.
In summary, integrating out the heavy degrees of freedom (massive U(1)b gauge boson and
the saxions) in the scalar potential (52) leads to an effective potential that only depends
on the degrees of freedom of the Higgs doublets and the massless axions:
V effHiggs = V
eff
F + V
eff
D + V
eff
soft. (85)
However, in the analysis of the vacuum configuration for this effective potential we neglect
the interactions between the Higgses and the massless axions, as they are suppressed by
the decay constants. In a more inclusive analysis, these interactions would lead to mixings
between the axions and the CP-odd neutral components of the Higgses.
In order to determine the conditions for which the Higgs fields develop a non-zero vev,
as indicated in equation (53), it suffices to investigate small deviations from the supposed
vacuum configuration of the effective potential along the neutral Higgs directions. The
quartic interactions of the D-term ensure that the Higgs potential is bounded from below,
except along the directions where the D-terms vanish, i.e. |h0,(1)u | = |h0,(2)d | = |h0,(2)u | =
|h0,(1)d |. Requiring that the Higgs potential is also bounded from below along these D-flat
directions, amounts to imposing the following relation among the parameters:
2∑
i=1
m2
H
(i)
u
+
2∑
i=1
m2
H
(i)
d
+
|µ1|2
ω+
v2σ1 +
|µ2|2
ω−
v2σ˜1 >
√
2|c1|vσ1 +
√
2|c2|vσ˜1 +2|m11|2+2|m22|2. (86)
Note that we used the rescaling freedom of the arguments in the Higgs-doublets to eliminate
the phases of the complex soft supersymmetry breaking parameters c1, c2, m
2
11 and m
2
22.
Along the D-flat directions, the Higgs potential reduces to its quadratic part:
V 0,quad.Higgs =
(
h
0,(1)
u , h
0,(2)†
d , h
0,(2)
u , h
0,(1)†
d
)
M2Higgs

h
0,(1)†
u
h
0,(2)
d
h
0,(2)†
u
h
0,(1)
d
 , (87)
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with the Higgs mass matrix M2Higgs given by
M2Higgs =

m2
H
(1)
u
+ |µ2|
2
2ω−
v2σ˜1 −|c2|
vσ˜1√
2
0 −|m11|2
−|c2|vσ˜1√2 m2H(2)d +
|µ2|2
2ω−
v2σ˜1 −|m22|2 0
0 −|m22|2 m2
H
(2)
u
+ |µ1|
2
2ω+
v2σ1 −|c1|
vσ1√
2
−|m11|2 0 −|c1|vσ1√2 m2H(1)d +
|µ1|2
2ω+
v2σ1

.
(88)
In order for the neutral Higgses to acquire non-zero vevs, two of the eigenvalues of the
Higgs mass matrix M2Higgs have to be negative. For the sake of the argument, let us assume
that the following relations among the soft supersymmetry breaking parameters are valid
near the electroweak symmetry breaking scale:
m2
H
(1)
u
= m2
H
(2)
d
, m2
H
(2)
u
= m2
H
(1)
d
, |m11|2 = |m22|2. (89)
Under these assumptions, the condition that the Higgs mass matrix has two negative
eigenvalues can be recast into one single inequality:
|m11|4 >
(
m2
H
(1)
u
+
|µ2|2
2ω−
v2σ˜1 + |c2|
vσ˜1√
2
)(
m2
H
(2)
u
+
|µ1|2
2ω+
v2σ1 + |c1|
vσ1√
2
)
. (90)
It is important to stress that this inequality only has to be satisfied at and below the
electroweak symmetry breaking scale, while condition (86) is valid at all energy scales. In
order for the vevs given in equation (53) to represent a minimum for the effective Higgs
potential, the following four constraint equations have to be imposed:
|µ2|2
ω−
v2σ˜1 +
g2Y + g
2
2
2
(ω− + ω+)ω−(v2u − v2d) + 2m2H(1)u −
(
|c2|vσ˜1√
2
+ |m11|2
)
vd
vu
= 0, (91)
|µ1|2
ω+
v2σ1 +
g2Y + g
2
2
2
(ω− + ω+)ω+(v2u − v2d) + 2m2H(2)u −
(
|c1|vσ1√
2
+ |m22|2
)
vd
vu
= 0, (92)
|µ1|2
ω+
v2σ1 −
g2Y + g
2
2
2
(ω− + ω+)ω+(v2u − v2d) + 2m2H(1)d −
(
|c1|vσ1√
2
+ |m11|2
)
vu
vd
= 0, (93)
|µ2|2
ω−
v2σ˜1 −
g2Y + g
2
2
2
(ω− + ω+)ω−(v2u − v2d) + 2m2H(2)d −
(
|c2|vσ˜1√
2
+ |m22|2
)
vu
vd
= 0. (94)
The final step in analysing the Higgs potential consists in investigating the mass spectrum
for the various massive Higgs particles that are not eaten by the electroweak gauge bosons.
Given the complexity of the Higgs potential, the analysis here is limited to a qualitative
discussion, while a full quantitative discussion is postponed to future work [68]. The model
at hand contains two up-type and two down-type Higgs doublets, which corresponds to
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four complex charged Higgses, four real CP-even Higgses and four real CP-odd Higgses.
Upon electroweak symmetry breaking, a complex charged Higgs is eaten by the W± bosons,
while the Z0 absorbs a real neutral CP-odd Higgs as the longitudinal mode. This effectively
leaves 13 massive Higgs particles: three complex charged, four real neutral CP-even and
three real neutral CP-odd Higgses.
3.2.4 A supersymmetric DFSZ Model on T 6/Z′6 with hidden USp(6)
A global five-stack D6-brane model with hidden USp(6)h gauge group was constructed
in [40] on the T 6/Z′6 orbifold, with complex structure U (3) = 12 for the two-torus only
experiencing a Z2 action. The non-chiral spectrum and beta-function coefficients can also
be found in [39], where the 1-loop gauge treshold corrections were explicitly computed.
Tables 8 and 9 in appendix C give an overview of the massless chiral and vector-like
matter states after the right-symmetric group USp(2)c is spontaneously broken to U(1)c,
under a continuous displacement σ2c of (or by turning on a Wilson line τ
2
c along) the c-brane
on the two-torus without Z2 action.
Here, we are mostly interested in the Higgs-sector of the model and in the appearance of
massless antisymmetric states of U(2)b that can serve as axion superfields. In the left-
right symmetric phase, six Higgs doublet pairs (Hu, Hd) arise as (2,2) chiral states of
U(2)b × USp(2)c in the bc = bc′-sector, and three similar Higgs doublet pairs arise from
the b(θc)-sector. The b(θ2c)-sector gives rise to a non-chiral pair [(2,2) + h.c.] of U(2)b ×
USp(2)c. Under the spontaneous breaking of USp(2)c to a massless Abelian U(1)c gauge
symmetry the chiral Higgs-doublet pairs decompose into nine chiral up-type Higgs-doublets
H
(i)
u = (2)(1) and nine chiral down-type Higgs-doublets H
(i)
d = (2)
(−1) of U(2)(×U(1)c)b
(with i ∈ {1, . . . , 9}). The non-chiral pair splits up into a non-chiral pair [2(−1) + h.c.]
of U(2)
(×U(1)c)
b and a second non-chiral pair [2
(1) + h.c.], such that there exist two more
up-type Higgs doublets H
(10,11)
u and two more down-type Higgs doublets H
(10,11)
d , as listed
in table 9.
There is a crucial difference between the Higgses emerging as chiral states and those emerg-
ing as non-chiral states. Namely, the spontaneous breaking of USp(2)c induces a mass for
the Higgs states realised in a non-chiral sector, analogously to the discussion for the Higgs
sector of the T 6/Z6 model in section 3.2.1. The Higgs states residing in the chiral sector
on the other hand remain massless under a continuous displacement of (or a Wilson line
along) the c-brane. By displacing also brane d such that σ2d 6= σ2c and σ2d 6= 0, various
other vector-like matter states acquire a mass, as indicated in the right column of table 9
by the subscript m of the multiplicity. In that right column we also find the candidates
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for the open string axion superfields Σ0...3, Σ˜0...3 arising as vector-like matter states in the
b(θ2b)′ sector, These states are left massless if the b-brane and it orientifold image b′ are
not displaced with respect to each other (σ2b = σ
2
b′ = 0).
As a next step, we investigate the embedding of a supersymmetric DFSZ model with this
global D6-brane model and focus on the perturbatively allowed couplings in the superpo-
tential between the relevant massless states. A thorough investigating of the cubic Yukawa
couplings has already been done in [41] (up to the subtlety due to D6-branes parallel along
the two-torus without Z2 action mentioned in footnote 6, which might also enforce higher
order couplings with ‘adjoints’ of the U(1)’s involved), so that we can mainly focus here
on the couplings between the Higgses and the axion superfields. Disregarding the massive
Higgs states from the non-chiral sector, all massless ‘chiral’ Higgses can be used to form
a three-point coupling with an antisymmetric superfield Σi of U(2)b, carrying a charge +2
under U(1)b ' U(1)PQ. The resulting superpotential for this model is thus captured by:
WDFSZ = µijkH(i)u ·H(j)d Σk +Wquarks +Wleptons, (95)
where the indices (i, j, k) refer to the fixed points at which the various states are localized
and the terms involving the quarks and leptons can be found in [41].
The superpotential in (95) fits into the class of models described in [22], with a single axion
superfield coupled to one up-type Higgs and one down-type Higgs. Hence, the Higgs-axion
potential for this model can be further analysed in the same manner as discussed in [22],
from which we immediately infer that the ρ-parameter will no longer be 1 at tree-level,
imposing a lower bound on the string mass scale. The identification of the Stu¨ckelberg
particle eaten by the U(1)b gauge symmetry is completely analogous to the discussion in
3.1.2 and the model does not exhibit an axion-like particle. The most exciting aspect of
this model is however not its ability to realise a supersymmetric DSFZ model, but rather
its potential to realise a gaugino condensate due to the occurrence of a hidden gauge
group USp(6)h. For a USp(2N) gauge factor with N large, the beta-function coefficient
becomes more negative, increasing the likelihood of having a strongly coupled gauge theory
in the hidden sector. We will investigate the possibility for gaugino condensation and its
implications in section 3.2.6.
3.2.5 The value of the string scale Mstring
In previeous section, we explored the possible existence of lower bounds on the Mstring using
the ρ-parameter. In this section, we explore bounds on the string mass scale by virtue of
the relation between Mstring and the gauge coupling for the D-brane gauge theories. The
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weakness of four dimensional gravity relates the string coupling gstring ≡ eφ10 and the
compact volume Vol6 to the Planck and string scale, see e.g. [17],
M2Planck
M2string
=
4pi
g2string
Vol6
α′3
examples
=
4pi v1v2v3
g2string
, (96)
with v1, v2, v3 the volume per two-torus in units of α
′.
At tree level, the gauge couplings are determined by the string coupling and the volume
of the 3-cycle on which the fractional D6-brane a is wrapped,
4pi
g2SU(Na),tree
= 2pi< (ftreeSU(Na)) = 12 1gstring Vol3,a`3s with `s ≡ 2pi√α′, (97)
and similar expressions for USp(2N) and U(1) gauge symmetries, see e.g. [71] for details.
For the two examples of sections 3.2.1 and 3.2.4, the tree-level gauge couplings are given
by
2pi<(ftreeG ) =
4pi
g2G,tree
=
√
v1v2v3
8pi331/4 gstring
×

√
2×

1 G = SU(3)a, SU(2)b
7
6
U(1)Y
8
3
U(1)B−L
1
2
USp(2)e
Z6
1√
3
×

1 G = SU(3)a
6 SU(2)b
19
18
U(1)Y
11
9
U(1)B−L
1
2
USp(6)h
Z′6
∝ MPlanck
Mstring
,
(98)
which naively implies that only a high string scale is phenomenologically acceptable. How-
ever, in [72] it was noted that if the one-loop corrections become negative and sizable,
large cancellations among tree-level and one-loop contributions to the gauge couplings
can occur and consequently Mstring can be decoupled from MPlanck. Using the asymptotic
approximations in the geometric regime v > 1,
− 1
2pi
ln(η(iv))
v→∞−→ v
24
,
− 1
4pi
ln
(
e−
piσ2v
4
|ϑ1( τ−iσv2 , iv)|
η(iv)
)
v→∞−→
[
3(1− σ)2 − 1] v
48
− δσ,0
ln[2 sin(piτ
2
)]
4pi
,
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with errors highly suppressed as ln(1± e−piv), the one-loop corrections to the gauge kinetic
functions take the following form for the T 6/Z6 model:
2pi<(δf loopSU(3)a)
vi→∞−→ 3 ln(2)
2pi
+
5 v1 − v˜1
8
+
2 v2 − v˜2
8
+
v3
6
+
3(σ3aa′)
2 − 2(σ3ab′)2 + (σ3ac)2 + (σ3ac′)2 + 2(σ3ad)2 + (σ3ae)2 + (σ3ae′)2
16
v3,
2pi<(δf loopSU(2)b)
vi→∞−→ 3 ln(2)
4pi
+
5 v1 − v˜1
8
+
2 v2 − v˜2
8
+
v3
6
+
3(σ3ab′)
2 + 2(σ3bb′)
2 + (σ3bc)
2 + (σ3bc′)
2 + (σ3be)
2 + (σ3be′)
2
16
v3,
2pi<(δf loopUSp(2)e)
vi→∞−→ − ln 2
pi
+
2 v1 − 3 v2
16
+
2 + 3(σ3ae)
2 + 2(σ3be)
2
16
v3 − v˜3
12
,
(100)
where v˜i ≡ 2 vi per tilted two-torus stems from Mo¨bius strip contributions, and at least
for σiτ i 6= 0 has to be treated with caution due to the caveat that compared to the
previous results [39, 71] used in the gauge threshold computation, a conjectured sign factor
(−1)σiτ i in the formula for the beta function coefficient was found in [73, 72] and therefore
the corresponding one-loop gauge correction might have to be modified as well. Such a
configuration with σiτ i = 1 occurs for the USp(2)e gauge factor along T
2
(2). The one-loop
corrections to the SU(3)a and SU(2)b gauge couplings are not affected by this caveat, and
they are always positive. Phenomenologically acceptable values of the gauge couplings g3
and g2 can thus only be achieved for Mstring high. Interestingly, the one-loop correction to
the ‘hidden’ group USp(2)e contains a negative off-set and a negative v2 dependence, both
of which are favourable for engineering strong coupling in this ‘hidden’ sector.
For the T 6/Z′6 model, the asymptotics of the one-loop corrections are given by
2pi<(δf loopSU(3)a)
vi→∞−→ v1 + 2 v˜1
12
+
v3
8
+
1
4 pi
ln
(
v1v3
v22
)
+
4 ln(2)
3pi
,
2pi<(δf loopSU(2)b)
vi→∞−→ 7 v1 + 4v˜1
16
+
3 v3
4
+
6 + 8(σ2bb′)
2 + (σ2bc)
2 + (σ2bc′)
2 + 2(σ2bd)
2 + (σ2bd′)
2
16
v2 +
35 ln(2)
8pi
,
2pi<(δf loopUSp(6)h)
vi→∞−→ − v1 + 4v˜1
48
− v2
4
− v3
8
+
1
8pi
ln
(
v1v3
v22
)
+
5 ln(2)
24pi
,
(101)
with again v˜1 ≡ 2v1 but the caveat that stacks a and b have σ1τ 1 = 1. For v22  v1v3,
the one-loop correction to SU(3)a can become negative, and the one-loop correction to
the ‘hidden’ USp(6)h factor contains negative contributions from all three two-torus vol-
umes. This D6-brane configuration is thus naively consistent with lowering Mstring to some
intermediary scale around 1012 GeV or even as low as 106 GeV, while achieving gaugino
condensation in a strongly coupled sector as displayed in table 4.
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Mstring as a function of vi and gstring
gstring = 0.1 gstring = 0.01 gstring = 0.001
v1v3 v
2
2,max Mstring v1v3 v
2
2,max Mstring v1v3 v
2
2,max Mstring
108 9.7× 109 1.6× 1010 GeV 106 1.5× 1010 1.6× 1010 GeV 102 1.5× 106 1.6× 1012 GeV
1010 1.5× 1014 2.8× 109 GeV 108 1.6× 1014 1.5× 108 GeV 104 1.6× 1010 1.5× 1010 GeV
1012 1.5× 1018 2.8× 108 GeV 1010 1.6× 1018 1.5× 106 GeV 106 1.6× 1014 1.5× 108 GeV
Table 4: Estimate for the lower bound on the string mass scale Mstring in the T
6/Z′6 model as a
function of the string coupling constant gstring and of the bulk Ka¨hler moduli (v1, v2, v3) measured
in units of α′, based on the gauge couplings for gauge groups SU(3)a and USp(6)h. The maximal
value v22,max in dependence of v1v3 originates from the constraint 2pi<(ftreeG + δf loopG ) > 0, i.e. that
the gauge couplings are real valued.
3.2.6 Soft supersymmetry breaking
As a last topic, we investigate the hidden gauge sectors of the supersymmetric DFSZ models
discussed in sections 3.2.1 and 3.2.4 and verify whether the gauge groups can become
strongly coupled and form a gaugino condensate. The model on T 6/Z6 is characterised by
a hidden USp(2)e gauge group and an explicit computation using the expressions from [71]
yields the corresponding beta-function coefficient:
bUSp(2)e = −1 + 3(ae)m + 2(be)m , (102)
where 3
(ae)
m and 2
(be)
m denote the contributions from the vector-like matter states charged
under the hidden gauge group. Under a displacement of the D-brane stacks a and b,
these states become massive as discussed in section 3.2.1, and USp(2)e remains unbroken
provided that brane e is left untouched. Displacing brane e would spontaneously break
the USp(2)e gauge group down to an Abelian massless gauge symmetry, which clearly
eliminates all chances to have a strongly coupled gauge group. Hence, in the D-brane
set-up described in section 3.2.1, the beta function coefficient of the enhanced gauge group
USp(2)e is negative, as the massive vector-like matter states do not contribute to the beta-
function. As a result, the hidden gauge group can be strongly coupled at energy scales
smaller than Mstring and induce a gaugino condensate.
The Z6 orbifold group acting on the factorisable six-torus T 6 freezes the bulk complex
structure moduli on all three two-tori T 2(i) (U
(i) = ei pi/3 with i = 1, 2, 3). The gaugino
condensate will therefore have to couple to (one of) the h21(twisted) = 5 complex structure
moduli associated to the Z2-twisted sector in a non-perturbative superpotential of the form:
W0 ⊃ Λ3c AUSp(2N)x e
8pi2
bUSp(2N)x
fUSp(2N)x (U˜
(i))
, (103)
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with the gaugino condensation scale Λc defined as in section 2.3, AUSp(2N)x a dimensionless
constant, and fUSp(2N)x(U˜
(i)) the gauge kinetic function of the USp(2N)x gauge group
depending on the twisted complex structure moduli U˜ (i).
For the global model on the T 6/Z′6 orbifold the hidden gauge group is also an enhanced
symplectic gauge group, namely USp(6)h. Due to the negative value of the beta-function
coefficient:
bUSp(6)h = −4, (104)
the hidden gauge factor USp(6)h will become strongly coupled below the string scale. In
this case, the USp(2)h group cannot be broken by any continuous Wilson line or displace-
ment, and gaugino condensation can be used to generate a non-perturbative superpoten-
tial for the complex structure moduli. Only two two-tori have a frozen complex structure
modulus due to the Z′6 action of the orbifold group on the factorisable six-torus T 6. The
complex structure modulus for the third two-torus is, however, dynamically stabilised by
virtue of supersymmetry of each D6-brane (U (3) = 1
2
). Also for this orbifold the non-
perturbative superpotential arising from the gaugino condensation will involve at least one
of the h21(Z2−twisted) = 4 complex structure moduli associated to the Z2-twisted sector, as
in equation (103).
Despite the fact that both global models allow for a strongly coupled hidden gauge group,
a couple of comments are in order here. First of all, one has to make sure that the non-
perturbative superpotential from the gaugino condensation does not involve the complex
structure modulus whose CP-odd scalar partner is eaten by the U(1)b gauge boson or by
any other anomalous U(1) direction. As discussed in appendix B those complex structure
moduli are already stabilised at Mstring.
A second comment involves the geometric meaning of the twisted complex structure moduli,
which describe possible deformations of the Z2-fixed lines of the orbifold action. At the
orbifold point, a Z2-fixed line is geometrically represented as a co-dimension two singularity
on T 4/Z2 combined with a one-dimensional hypersurface along the Z2-invariant two-torus.
From a physics viewpoint, the singularities indicate vanishing vevs for the twisted complex
structure moduli. Resolving the Z2-fixed lines allows for non-zero vevs [74], implying that
a full discussion of gaugino condensation in these models requires to go over to the resolved
Calabi-Yau phase of the toroidal orbifold.
Last but not least, in this section we have only briefly investigated the necessary conditions
for gaugino condensation, but a conclusive analysis about the stabilisation of the complex
structure modulus requires an in-depth discussion of the scalar potential for all moduli fields
derived from the full superpotentialW0. In this respect, it is important to be aware that the
gauge treshold corrections, as discussed in the previous section, introduce a dependence
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on the Ka¨hler moduli in the non-perturbative superpotential (103). Furthermore, it is
known [18] that a single non-perturbative correction of the form (103) is not capable
of stabilising the modulus U˜ (i) at a finite value. Instead, one might need to consider
various strongly coupled hidden gauge groups, all with a gaugino condensate, resulting in
a racetrack-type superpotential.
4 Discussion and Conclusions
This article presents a methodic approach to a supersymmetrised version of the DFSZ
axion model which can be explicitly realised in global D-brane model building scenarios.
The starting point of the approach is the Higgs-axion potential of the original DFSZ model,
whose particle content (two Higgs doublets and one Standard Model singlet scalar) and
shape suggest a straightforward generalisation to supersymmetric field theory. Through
a nifty combination of F-terms, D-terms and soft supersymmetry breaking terms, a full
supersymmetric version of the DFSZ model is put forward, where the supersymmetric
interaction between the axion superfield and the Higgs superfields is realised as a cubic
renormalisable coupling.
The embedding of this supersymmetric DFSZ model into Type II string theory follows
through the identification of the U(1)PQ symmetry as one of the anomalous massive U(1)
gauge symmetries inherent to D-brane model building. The models considered in this
article all use the U(1)b symmetry of the left-symmetric D-brane stack U(2)b as the Peccei-
Quinn symmetry, implying that the axion superfield is realised by an antisymmetric rep-
resentation under U(2)b. In order to test the full proposal for this new supersymmetric
version of the DFSZ model, we turn to the framework of intersecting D6-brane models
on toroidal orbifolds. As it turns out, two globally consistent (i.e. vanishing RR tadpoles
and satisfied K-theory constraints) models that exhibit the necessary features to realise
the proposed ideas, have already been constructed in earlier works by one of the authors
of this paper.
The Higgs sector of the intersecting D6-brane model on the T 6/Z6 orbifold arises from
the non-chiral sector and contains two up-type Higgses and two down-type Higgses, due
to ab initio original left-right symmetry of the model. An investigation of the Yukawa
couplings for the three generations of quarks and leptons shows that all four Higgses have
to be involved. The supersymmetric DFSZ model then has to be constructed with the four
Higgs- and two axion-superfields. A detailed analysis of the intricate Higgs-axion potential
and the symmetry breaking mechanisms in this model yields explicit mass-relations for the
electroweak gauge bosons similar to the ones in the Minimal Supersymmetric Standard
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Model, see table 5. The presence of two axion-superfields does not only provide a suitable
candidate for the QCD axion, but also implies the existence of an axion-like particle, whose
characteristics fit nicely to explain the anomalous transparency of the universe with respect
to TeV photons.
Electroweak Gauge Boson Masses
SM MSSM DFSZ model on T 6/Z6
m2W =
g22
4 v
2 m2W =
g22
4 (v
2
u + v
2
d) m
2
W =
g22
4 (2v
2
u + 2v
2
d)
m2Z =
(g2Y +g
2
2)
4 v
2 m2Z =
(g2Y +g
2
2)
4 (v
2
u + v
2
d) m
2
Z =
(g2Y +g
2
2)
4 (2v
2
u + 2v
2
d)
v ' 246 GeV
√
v2u + v
2
d ' 246 GeV
√
2(v2u + v
2
d) ' 246 GeV
ρ = 1 ρ = 1 ρ = 1
Table 5: Comparison of the electroweak gauge boson masses for the Standard Model (SM), the
Minimal Supersymmetric Standard Model (MSSM) and the supersymmetric DFSZ model on
T 6/Z6. The factor 2 in the latter model is an immediate consequence of the presence of four
Higgses, as compared to two Higgses in the MSSM and just one in the SM.
We propose a method to handle the complicated Higgs-axion potential, based on the sep-
aration of scales between the Peccei-Quinn symmetry breaking scale and the electroweak
breaking scale. By integrating out the heavy degrees of freedom (massive U(1)b gauge
boson and saxions), the resulting Higgs-axion potential is much simpler to handle and
the constraint equations for the Higgs-vacuum configuration are derived. A full computa-
tion of the Higgs mass spectrum, which goes beyond the scope of this article, is definitely
worthwhile to obtain a better understand of the Higgs parameter space. Also other phe-
nomenological properties of this supersymmetric DFSZ model deserve further attention,
such as the interactions between the axion and its superpartner (axino) on the one hand
and the particles charged under the Standard Model gauge group on the other hand, and
the implications for cosmology with an axion and an axino dark matter candidate, amongst
others. Discussions of this nature will be postponed to future work [68].
A different situation occurs for the intersecting D6-brane model on the T 6/Z′6 orbifold,
where the Higgses can be realised in the chiral part of the massless spectrum. The su-
persymmetric version of the DFSZ model in this configuration only requires one axion
superfield, such that the axion-Higgs potential falls into a class of models that was already
studied before in the literature in the context of supersymmetric field theory. The interest
in this model stems from its large hidden gauge group USp(6) with negative beta-function
coefficient. If the hidden gauge group has a strongly coupled regime, soft supersymmetry
breaking finds a natural explanation through gravity mediated gaugino condensation. In
this way, this article offers a concrete relation between the hidden sector in globally con-
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sistent D-brane models and the soft supersymmetry breaking terms introduced by hand in
the supersymmetric DFSZ model.
From the string theory side, the two models discussed here form the perfect Guinea Pigs
to explore the limits of our understanding of intersecting D6-brane model building on
toroidal orbifolds with fractional and rigid three-cycles. In particular, perturbative n-point
couplings resulting from pointlike worldsheet instantons with parallel D-brane boundaries
deserve full attention, as they are ubiquitous for toroidal orbifolds with an orbifold group
containing a Z2 subsymmetry. Another so far poorly studied aspect involves the physical
implications from deforming the Z2-fixed lines on which the fractional D-branes wrap [74].
Nonetheless, transitioning from the orbifold point to the resolved Calabi-Yau manifold is
necessary for the moduli in the twisted sector to be non-vanishing. Such a transition would
also enlarge the number of plausible backgrounds on which one can study D-brane model
building using intersecting D6-branes.
This article also touches upon the connections between soft supersymmetry breaking, mod-
uli stabilisation and the presence of a non-trivial hidden sector. In the context of Type
IIA superstring theory it is extremely difficult to find backgrounds where all these aspects
can be considered simultaneously. Other D-brane model building scenarios in Type IIB
superstring compactifications have shown to be more suitable to address questions related
to moduli stabilisation and soft supersymmetry breaking by fluxes. It might thus be in-
teresting to see if the supersymmetric DFSZ model can be realised in these frameworks
and whether they can offer new perspectives in bridging the gap between particle physics
phenomenology on the one hand and moduli stabilisation mechanisms on the other hand.
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A The effective action for axions
One of the defining properties of an axion is its linear coupling to the anomalous topological
charge density of a gauge theory suppressed by the axion decay constant, as in equation
(8) for the QCD axion. Yet an axion can also interact with fermions and bosons. In
order to understand [75] these interactions one has to take into account how the generating
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functional for a (Dirac) fermion ψ charged under a local gauge symmetry with field strength
Fµν transforms under a chiral rotation:
ψ −→ ei αγ5ψ or
 ψL −→ e−i αψLψR −→ ei αψR . (105)
Starting with the gauge-invariant kinetic term for the Dirac fermion, one notices that the
term is shifted by an axial-vector coupling under a chiral rotation:
i ψ /Dψ −→ i ψ /Dψ − ψγµγ5ψ∂µα, (106)
while the fermionic path integral measure transforms as follows:11
DψDψ −→ DψDψei
∫
d4xα(x) 1
16pi2
Tr(Fµν F˜µν). (107)
The total effect of the chiral rotation thus corresponds to a shift of the lagrangian L →
L+ ∆L with
∆L = −ψ γµγ5∂µαψ + i 1
16pi2
α(x) εµνρσTr(GµνGρσ). (108)
Chiral rotations come in handy when the fermion acquires its mass through a Yukawa
coupling to a Higgs field H:
LψψH = fψ ψLHψR + f ∗ψ ψRH†ψL, (109)
that in turn interacts with an axion α through terms in the potential of the model, for
instance of the form
V ⊃ g(Ci)Heiα/fα + g∗(C†i )H†e−iα/fα , (110)
where g(Ci) represents a polynomial expression of spectator scalar fields Ci required by
gauge invariance. By a local rescaling of the Higgs field, the interaction between the axion
and the Higgs field can be eliminated from the potential. However, in order to avoid
that the axion pops up in the Yukawa coupling (109) one can perform a chiral rotation
of the fermions, by which the Lagrangian is shifted as discussed above in equation (108).
Furthermore, the local rescaling of the Higgs fields will also introduce a derivative coupling
of the Higgs to the axion by virtue of the kinetic terms for the Higgs field.
In conclusion, the most generic action for an axion α coupled to a charged fermion ψ and
a Higgs field H takes the following form (see also [76]):
Laxion = 12(∂µα)(∂µα) + chfα (∂µα)
(
H†iDµH − i(DµH)†H
)
+
cψ
fα
ψ γµγ5 ψ(∂µα)
+CαFF
α
fα
1
16pi2
TrFµνF˜
µν + fψHψLψRe
icmα/fα + f ∗ψH
†ψRψLe
−icmα/fα .
(111)
11The trace is considered for the fundamental representation, TrF (TaTb) =
1
2δab, and in case of an
Abelian symmetry, the normalisation enforces an additional factor 2 in the denominator on the r.h.s..
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This action can be generalised to accommodate the particle content and gauge structure
of the Standard Model, in which case the fermionic part has to be extended to all quarks
and left-handed leptons, and the anomalous term with field strength Fµν has to be taken
into consideration for the QCD field strength Gµν , the weak field strength Wµν and for the
hypercharge field strength Yµν . The parameters ch, cψ, cm, CαGG, CαWW and CαY Y are
model-dependent constants characterizing the type of axion model:
PQWW: ch = 0, cψ = 0, cm 6= 0,
KSVZ: ch = 0, cψ = 0, cm = 0 pair of fourth generation quarks induces anomaly (CαGG 6= 0),
DFSZ: ch 6= 0, cψ = 0, cm 6= 0.
The parameters CαGG, CαWW and CαY Y are determined by the anomaly coefficients, which
clearly depend on the particle content and the gauge structure of the model at hand. The
parameter cm is correlated with a complex mass matrix for the quarks, which forms an
additional source for CP violation, on top of the intricate QCD vacuum structure. As
already suggested in the paragraph above equation (111), one can eliminate the axion in
the Yukawa couplings by virtue of a chiral rotation. As a result, the coefficient in front of
the axion coupling to the QCD anomaly will be shifted, i.e. CαGG → CαGG + cm.
An important observation to be drawn from this is that the form of the action depends
on the energy scale at which the model is considered, as advocated e.g. in [77]. At
energies below the electroweak symmetry breaking scale, the weak gauge bosons have to
be integrated out, and the anomalous coupling of the axion to the weak gauge bosons
reduces to an anomalous coupling for the photon:
Lαγγ = −gαγγ
4
αFµνF˜
µν , (112)
where the coupling constant gαγγ consists of a model-dependent constant Cαγγ = CαWW +
CαY Y and an additional term [78] related to the mixing of the axion with the pi
0- and
η-mesons:
gαγγ =
e2
8pi2fα
(
Cαγγ − 2
3
4mdms +mums +mumd
mdms +mums +mumd
)
. (113)
The generic action (111) is also valid for closed string axions ξ, in which case the only non-
vanishing parameter is the coupling CξFF to the gauge anomaly term. The values for the
parameters CξFF follow then from the dimensional reduction of the Chern-Simons action
for the D-branes. In the models presented in section 3.2 also axions originating from the
open string sector were considered. As open string axions behave entirely as field theory
axions, the whole discussion from above is equally valid.
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B Integrating out a heavy vector multipet
In this appendix, we use the supersymmetric formulation [79, 80] of the Stu¨ckelberg mech-
anism of equation (30) and integrate out a heavy vector multiplet Vb in the presence of a
light vector multiplet Va following the prescriptions of [70]. The model we consider con-
sists of a Stu¨ckelberg multiplet U and two chiral superfields Φ1 and Φ2 both charged under
U(1)a × U(1)b but with opposite charges:
U(1)a U(1)b
Φ1 qa qb
Φ2 −qa −qb
The most general Ka¨hler potential we can write down for this model (with global super-
symmetry) with some chiral multiplet U (containing a complex structure modulus in Type
IIA string theory with D6-branes) reads:
KSUSY = (Mstring Vb + U + U
†)2 + Φ†1e
2gaqaVae2gbqbVbΦ1 + Φ
†
2e
−2gaqaVae−2gbqbVbΦ2, (114)
with the most generic supergauge-invariant superpotential given by:
W = mΦ1Φ2. (115)
By integrating out the vector multiplet (up to order M−1string) through its equation of motion,
Vb ' −(U + U
†)
Mstring
+O(M−2string), (116)
we obtain the following effective Ka¨hler potential:
KSUSYeff = Φ
†
1e
2gaqaVaΦ1 + Φ
†
2e
−2gaqaVaΦ2
− 2gbqb
Mstring
(U + U †)Φ†1e
2gaqaVaΦ1 +
2g2b q
2
b
M2string
(U + U †)2Φ†1e
2gaqaVaΦ1
+ 2gbqb
Mstring
(U + U †)Φ†2e
−2gaqaVaΦ2 +
2g2b q
2
b
M2string
(U + U †)2Φ†2e
−2gaqaVaΦ2 +O(M−2stringΦ4).
(117)
In the next step, we determine the effective scalar potential for this theory by considering
those terms in the Lagrangian containing the auxiliary fields and the scalar fields:
LeffF+D = (1− 2z + 2z2)|F1|2 + (1 + 2z + 2z2)|F2|2 +mF1φ2 +mF2φ1 +mF †1φ†2 +mF †2φ†1
+φ†1φ1
Da
2
2gaqa(1− 2z + 2z2)− φ†2φ2Da2 2gaqa(1 + 2z + 2z2) + D
2
a
2
,
(118)
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where we introduced the following constant containing the vev of the (in Type IIA complex
structure) modulus,
z =
gbqb
Mstring
〈U + U †〉. (119)
Due to supersymmetry, the (complex structure) modulus is stabilised with a mass 2Mstring
when its corresponding axion is eaten by a gauge boson through the Stu¨ckelberg mecha-
nism, cf. equation (30). Extracting the equations of motion for the auxiliary fields:
F †1 = − m1−2z+z2φ2 F †2 = − m1+2z+z2φ1,
Da = −gaqa
(
(1− 2z + 2z2)φ†1φ1 − (1 + 2z + 2z2)φ†2φ2
)
,
(120)
and inserting them back into LeffF+D yields the effective scalar potential.
Veff =
|m|2
1 + 2z + 2z2
|φ1|2+ |m|
2
1− 2z + 2z2 |φ2|
2+
1
2
g2aq
2
a
[
(1− 2z + 2z2)|φ1|2 − (1 + 2z + 2z2)|φ2|2
]2
.
(121)
The most important observation is that the parameters in the effective potential are dif-
ferent with respect to a model with only gauge symmetry U(1)a:
• Although both superfields Φ1 and Φ2 receive a supersymmetric mass by virtue of the
superpotential (115), the masses for the scalar fields φ1 and φ2 clearly differ upon
integrating out a heavy vectormultiplet.
• Also the quartic terms for φ1 and φ2 are no longer universal upon integrating out a
heavy vectormultiplet.
A final observation concerns the contributions coming from the supercovariant field strength
Wα = −14D
2
DαVb, associated with the heavy vectormultiplet Vb. As the multiplet U satis-
fies the conditions for a chiral superfield, the field strength Wα will vanish upon integrating
out the vector multiplet. The superspace action involving the field strength only contributes
non-trivially, if a term of the order M−2string is taken into account upon integrating out the
vector multiplet by its equation of motion (116).
C Spectra of the T 6/Z6 and T 6/Z′6 Standard Models
In this appendix, the chiral and non-chiral spectra for the supersymmetric Standard Models
constructed on T 6/Z6 [37, 39] and T 6/Z′6 [40, 39] are briefly summarized. The lower index
m of the multiplicity of vector-like matter indicates that these states acquire a mass if some
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relative continuous displacement or Wilson line along the T 2 without Z2 action is switched
on. The non-chiral spectrum in table 9 contains the corrections of multiplicities in the bb′
and ch sector introduced in [41] as well as the change 3× (3Anti)→ 2× (3Anti) + (6Sym)
in the aa′ sector due to the conjectured subtlety [73, 72] in the sign factor for D6-brane
configurations with non-vanishing displacement and Wilson line parallel to some O6-plane.
Chiral SM spectrum on the AAB lattice of T 6/Z6
Matter Sector U(3)a × U(2)b × USp(2)e
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L Matter Sector U(3)a × U(2)b × USp(2)e
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L
QL ab
′ 3(3,2; 1)(0,0)1
6
, 1
3
L bd′ 3(1,2; 1)(0,−1)− 1
2
,−1
dR ac 3(3,1; 1)
(1,0)
1
3
,− 1
3
νR cd 3(1,1; 1)
(−1,1)
0,1
uR ac
′ 3(3,1; 1)(−1,0)− 2
3
,− 1
3
eR cd
′ 3(1,1; 1)(1,1)1,1
be = be′ 3(1,2; 2)(0,0)0,0
Table 6: Chiral spectrum of a global D6-brane model on T 6/Z6.
Non-chiral SM spectrum on the AAB lattice of T 6/Z6
Matter Sector U(3)a × U(2)b × USp(2)e
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L Matter Sector U(3)a × U(2)b × USp(2)e
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L
A0...3 aa 4(9Adj,1; 1)
(0,0)
0,0 aa
′ (1m + 3)[(3Anti,1; 1)
(0,0)
1
3
, 2
3
+ h.c.]
B0...3 bb 4(1,4Adj; 1)
(0,0)
0,0 Σ0...3, Σ˜0...3 bb
′ (1m + 3)[(1,1Anti; 1)
(0,0)
0,0 + h.c.]
cc (1,1; 1)
(0Adj,0)
0,0 ac 1m[(3,1; 1)
(1,0)
1
3
,− 1
3
+ h.c.]
D0...3 dd 4(1,1, ; 1)
(0,0Adj)
0,0 ac
′ 1m[(3,1; 1)
(−1,0)
− 2
3
,− 1
3
+ h.c.]
ee (1,1; 3Adj)
(0,0)
0,0 ae = ae
′ 1m[(3,1; 2)
(0,0)
1
6
, 1
3
+ h.c.]
ab 3[(3,2; 1)
(0,0)
1
6
, 1
3
+ h.c.] ab′ 1m[(3,2; 1)
(0,0)
1
6
, 1
3
+ h.c.]
ad′ 3[(3,1; 1)(0,1)2
3
, 4
3
+ h.c.] ad 2m[(3,1; 1)
(0,1)
1
3
, 2
3
+ h.c.]
H
(1)
d +H
(1)
u bc 1m[(1,2; 1)
(−1,0)
− 1
2
,0
+ h.c.] be = be′ 1m[(1,2; 2)
(0,0)
0,0 + h.c.]
H
(2
u +H
(2)
d bc
′ 1m[(1,2; 1)
(1,0)
1
2
,0
+ h.c.] cc′ 1m[(1,1; 1)
(2,0)
1,0 + c.c.]
Table 7: Non-chiral spectrum of a global D6-brane model on T 6/Z6.
Chiral SM spectrum on the ABa lattice of T 6/Z′6
Matter Sector U(3)a × U(2)b × USp(6)h
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L Matter Sector U(3)a × U(2)b × USp(6)h
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L
QL ab
′ 3(3,2; 1)(0,0)1
6
, 1
3
L1...6 bd 6(1,2; 1)
(0,−1)
− 1
2
,−1
dR ac 3(3,1; 1)
(1,0)
1
3
,− 1
3
L1...3 bd
′ 3(1,2; 1)(0,1)1
2
,1
uR ac
′ 3(3,1; 1)(−1,0)− 2
3
,− 1
3
H
(1...9)
d bc
′ 9(1,2; 1)(−1,0)− 1
2
,0
eR cd
′ 3(1,1; 1)(1,1)1,1 H
(1...9)
u bc 9(1,2; 1)
(1,0)
1
2
,0
νR cd 3(1,1; 1)
(−1,1)
0,1
Table 8: Chiral spectrum of a global D6-brane model with hidden USp(6)h on T
6/Z′6.
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Non-chiral SM spectrum on the ABa lattice of T 6/Z′6
Matter Sector U(3)a × U(2)b × USp(6)h
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L Matter Sector U(3)a × U(2)b × USp(6)h
(
×U(1)c×U(1)d
)
×U(1)Y ×U(1)B−L
aa 2(9Adj,1; 1)
(0,0)
0,0 bh = bh
′ [(1,2; 6)(0,0)0,0 + h.c.]
B0...9 bb 10(1,4Adj; 1)
(0,0)
0,0 ch = ch
′ 2[(1,1; 6)(1,0)1
2
,0
+ h.c.
]
cc 4(1,1; 1)
(0Adj,0)
0,0 H
(10)
u +H
(10)
d bc 1m[(1,2; 1)
(1,0)
1
2
,0
+ h.c.]
dd 10(1,1; 1)
(0,0Adj)
0,0 H
(11)
d +H
(11)
u bc′ 1m[(1,2; 1)
(−1,0)
− 1
2
,0
+ h.c.]
hh 2(1,1; 15Anti)
(0,0)
0,0 bd 2m[(1,2; 1)
(0,−1)
− 1
2
,−1 + h.c.]
ab′ [(3,2; 1)(0,0)1
6
, 1
3
+ h.c.] bd′ 1m[(1,2; 1)
(0,1)
1
2
,1
+ h.c.]
ad 3[(3,1; 1)
(0,1)
1
3
, 2
3
+ h.c.] cc′ 1m(1,1; 1)
(2Sym,0)
1,0 + h.c.]
ad′ 3[(3,1; 1)(0,−1)− 2
3
,− 4
3
+ h.c.] cd 1m[(1,1; 1)
(1,−1)
0,−1 + h.c.]
aa′ [(2× 3Anti + 6Sym,1; 1)(0,0)1
3
, 2
3
+ h.c.] cd′ 1m[(1,1; 1)
(1,1)
1,1 + h.c.]
bb′ 6[(1,3Sym; 1)
(0,0)
0,0 + h.c.] Σ0...3, Σ˜0...3 bb
′ 4m[(1,1Anti; 1)
(0,0)
0,0 + h.c.]
Table 9: Non-chiral spectrum of a global D6-brane model with hidden USp(6)h on T
6/Z′6.
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